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ABSTRACT 
Yan-Chun Ling: An NMR Study of Supercooled Water under 
Nanoconfinement by Hydrophobic Surfaces  
(Under the direction of Yue Wu) 
 
The main focus of this dissertation is studying the properties of bulk water, confined 
water, and interfacial water.  
The thermodynamics, dynamics and state of water are investigated by DSC and 1H NMR 
methods. Hydrophobic slit-shaped pores with tunable pore size from 0.5 nm to 1.6 nm are 
applied as confinement media in our experiments. By confining water in nanopores, we are able 
to cool the water lower than its homogeneous nucleation temperature 235 K at ambient pressure 
and access the “no man’s land”. Both experimental and simulation results show water has 
heterogeneity property, with two “phases”, one is high-density liquid (HDL) “phase” which has 
dense-packing structure, the other is low-density liquid (LDL) “phase” which has more 
tetrahedral structure. At room temperature, HDL and LDL two “phases” can coexist in 
millisecond time scale and 10 nanometer length scale. The room temperature water structure is 
dominated by HDL structure. By decreasing the temperature, HDL could convert to LDL 
gradually. At 200 K, LDL dominates the liquid state of water. It is of importance to emphasis, 
for water confined in nanopores there is no crystallization above 200 K. A dynamic crossover at 
225 K in the liquid state is observed in our hydrophobic system, similar to that observed in 
hydrophilic system. This proves such dynamic crossover is not induced by crystallization or 
surface effect, but originally from the intrinsic properties of water. At 190 K, we find a second 
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change of rotational correlation time, which resembles the glassification process of supercooled 
confined water, suggesting a higher rotational glass transition temperature for bulk water. In the 
lower temperature range 145 K < T < 165 K, the interfacial water induced glass transition is 
observed. At sufficient low temperature, confinement plays an important role for the induced 
glass transition.  
We also study the properties of interfacial water by confining water in smaller hydrophobic 
pores. It shows the interfacial water remains liquid state at 140 K. There is an Arrhenius to 
Arrhenius dynamic crossover at 170 K due to the rotational motion slowing down. Comparing to 
bulk water, interfacial water has fast rotation but effectively immobile.  
Our studies thus provide a complete picture for the rather controversial supercooled region 
and also differentiate the properties of bulk water, confined water and interfacial water using 
different techniques.  
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CHAPTER 1 INTRODUCTION 
 
1.1 Water: The Matrix of Life 
1.1.1 Bulk Water 
Water is the most abundant and important compound on earth. It covers 71% of the 
planet’s surface and I the main constituent of living organisms. As we know, the water molecule 
is composed of one oxygen atom and two hydrogen atoms, featuring the O-H bond length of 
0.9572 Å and a O-H-O bond angle of 104.5° (see Figure 1.1 (a)) [1]. One of the interesting 
features of water molecules is their tendency to connect with other water molecules by hydrogen 
bonds, ideally forming a tetrahedral structure as shown in Figure 1.1(b). [1] 
 
 
Figure 1.1 (a) A ball and stick model of a single water molecule. The solid red ball represents the 
oxygen atom. The solid white balls are hydrogen atoms. (b) A four-coordinated water molecule 
demonstrating the tetrahedral structure of one water molecule bonding with four other 
neighboring water molecules. The hydrogen bond acceptor. The central water molecule accepts 
two hydrogen bonds from its lower neighboring water molecules and donates two hydrogen 
bonds to its upper neighbors. [1] 
Note: motif credit: John Millam  
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The orientation of the hydrogen bonds, variation in hydrogen bond length, and variable 
number of coordinated water molecules can affect the local structure of water, resulting in the 
anomalous behavior of water [2]. For instance, water may not always be tetrahedral due to 
changes in temperature and pressure. This is not the case of most normal liquids, which tend to 
have a constant number of coordinates in a wider pressure and temperature range. In general, 
when cooling down a liquid to its crystal state, the density will increase due to molecular dense 
packing, and therefore the density of crystal is larger than that of the liquid. However, water 
experiences the opposite effect. The maximum density of water occurs at 4 °C in the liquid state 
than in the ice state. This property is crucial to the ecology system on earth. Because in the cold 
winter, rivers, lakes, and oceans, they freeze from the top down, which permit the survival of the 
bottom ecology, insulating the water from further freezing, and allowing rapid thawing by 
sunlight. Compared to normal liquids, water also has a large specific heat capacity that can be 
defined by the fluctuation of entropy (S) as shown in Eq. (1.1) [3],:  
< (𝛿𝑆)2 >= 𝑘𝐵𝐶𝑃 (1.1) 
in which 𝑘𝐵 is the Boltzmann constant. The high isothermal compressibility, 𝜅𝑇, of water can be 
characterized by volume fluctuation as described in Eq. (1.2) [3],:  
< (𝛿𝑉)2 >= 𝑉𝑘𝐵𝑇𝜅𝑇  (1.2) 
The large heat capacity of the seas (4.12 J ∙ g−1 ∙ K−1) [1] allows them to act as huge heat 
reservoirs, such as that sea temperature varies by one-third of as much as the temperature on lan , 
and so moderates the planet’s climate [4]. The low compressibility of water reduces sea level by 
about 40 m to give us 5% more land [4].  
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Figure 1.2 Experimental measurements of the (a) density (ρ) [1], (b) specific heat (𝐶𝑃) [5], and 
(c) isothermal compressibility (𝜅𝑇) of bulk water [6] at a temperature range of 380-235 K. The 
green dot lines represent the behaviors of normal liquids 
 
The notable properties of water are more accentuated at low temperatures, as shown in 
Figure 1.2 (a)-(c). For example, when water is supercooled below its freezing temperature 273 
K unlike other supercooled liquids (the green dot lines in Figure 1.2), the specific heat capacity 
𝐶𝑃 and compressibility 𝜅𝑇  of bulk water increase rapidly toward “infinity” at 235 K. If we fit the 
𝐶𝑃 and 𝜅𝑇 with a power law function, see Eq. (1.3) (1.4) 
𝐶𝑃~ (
𝑇
𝑇𝑠
− 1)
−0.26
 (1.3) 
𝜅𝑇~ (
𝑇
𝑇𝑠
− 1)
−0.36
 (1.4) 
we can find it diverges at 𝑇𝑠 = 228 K from the fitting results [5, 6].  
Unfortunately, detailed investigations about supercooled bulk water around 228 K cannot 
be carried out experimentally, since bulk water crystallizes rapidly below the homogeneous 
nucleation temperature 𝑇𝐻 ≈ 235 K at atmospheric pressure [7]. So, how to build up a theoretical 
model to understand the anomalies of water and how to develop experimental techniques to 
capture the supercooled water properties below 𝑇𝐻 become the key to explain the mysteries of 
water.   
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1.1.2 Phases of Bulk Water 
Phase diagrams show the preferred states of matter at different temperatures and 
pressures. With each phase, the material is uniform with respect to its chemical composition and 
physical state. The phase diagram of water is complex. For example, ice has 16 known phases at 
low temperature and different pressures [8]. 
 
Figure 1.3 (a) The state of water at ambient pressure [9]. (b) The temperature-pressure phase 
diagram of water [10]. The solid black line that divides the orange and yellow-shaded areas at 
the bottom of the temperature-phase (T-P) diagram indicates a phase transition between LDA 
and HDA, which has been experimentally observed 
Note: 𝑇𝐵 is the boiling temperature, 𝑇𝐵  (𝑃 = 1atm) = 373 K; 𝑇𝑀 is the hexagonal ice (𝐼ℎ) melting temperature, at 
1atm, 𝑇𝑀(𝑃 = 1atm) = 273 K; 𝑇𝐻  is the homogeneous nucleation temperature, 𝑇𝐻(𝑃 = 1atm) = 235 K; 𝑇𝑋 is the 
cubic ice (𝐼𝑐) crystallization temperature, 𝑇𝑋(𝑃 = 1atm) = 150 K; 𝑇𝑔 is the putative glass transition temperature, 
𝑇𝑔(𝑃 = 1atm) = 130 K. P represents pressure.  
 
According to Figure 1.3 (a) [9], liquid water can be supercooled to 𝑇𝐻 = 235 K, which is 
the homogeneous nucleation temperature (𝑇𝐻) and therefore it cannot be cooled further or remain 
in the liquid state due to the spontaneous crystallization to hexagonal ice (𝐼ℎ). However, water 
can also exist in a glassy state below 130 K by cooling micrometer-sized water droplets at a rate 
of 106 𝐾/𝑚𝑖𝑛 [11] (see the bottom light blue box in Figure 1.3 (a)). Then by heating the glassy 
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water above 130 K it transforms to a highly viscous liquid that exists up to 153 K [12], at which 
point it changes to cubic ice [13]. As marked in Figure 1.3 (a), this temperature range between 
153 K to 235 K is called “no man’s land” because there is no stable liquid water survival in this 
regime. Therefore, it is extremely difficult to study the nature of the sharp increase of water’s 
thermal properties towards 𝑇𝑠 = 228 𝐾 in bulk water by means of experimentation, although 
some progress has been recently made [14]. 
Depending on the pressure (P) and temperature (T), as shown in Figure 1.3(b) , water has 
two amorphous states: a low density amorphous (LDA) state, which was first observed by 
depositing water vapor on a cold plate 80 years ago [11]; and a high density amorphous (HDA) 
state, which researchers discovered by compressing hexagonal ice (𝐼ℎ) below 150 K at high 
pressure [15-19].  
In addition to the original preparation method based on the vapor and crystalline phases 
of water, LDA can be formed directly from HDA, which is called a polyamorphic transition with 
a large volume change [20]. The properties of the amorphous states change discontinuously at 
this polyamorphic transition [20]. Therefore, the transformation between LDA and HDA appears 
to be a first-order phase transition rather than a relaxation phenomenon between two unstable 
amorphous changing continuously from LDA to HDA [17]. 
This well-established first order phase transition between the amorphous states of water 
suggests an idea that can be extended to higher temperatures in the “no man’s land” region of the 
phase diagram, namely that there exists low density liquid (LDL) and high density liquid (HDL) 
whose corresponding glass forms are LDA and HDA [21-24], respectively. The two liquid 
phases, LDL and HDL, have different local structures [25]. The LDL structure is driven by H-
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bond and form more tetrahedral structure network, while the HDL is more dense packing and 
less tetrahedral structure which interacts with other water molecules by Van de Walls interaction.  
The following section will introduce different hypotheses and models that attempt to 
explain the anomalous properties of bulk water and the state of supercooled water in the “no 
man’s land” region of the phase diagram. 
1.1.3 Dissertation Outline 
In subsequent chapters, I will discuss the properties of water in a wide temperature range 
from room temperature to supercooled region. To access the “no man’s land” temperature 
region, we confined bulk water in nanoporous materials by hydrophobic surfaces to avoid 
crystallization at low temperatures. DSC and NMR were performed on the nanoconfined water 
samples to investigate the structure, thermodynamic, and dynamic properties of water under 
nanoconfinement in the wide temperature range.  
Chapter 1 briefly reviews the main hypotheses of bulk water in a wide temperature 
regime which includes the heterogeneity model of water at high temperature and three models 
for supercooled water to explain the anomalies of water properties. The important experimental 
evidences, MD simulation results are also reviewed and discussed in this chapter. 
Chapter 2 introduces the principle of NMR and DSC techniques, material 
characterization methods, and detailed NMR pulse sequence we applied in the experiments.  
Chapter 3 reports the structure, thermodynamic, and dynamic properties of water under 
hydrophobic nanoconfinement from 290 to 200 K, as measured by NMR and DSC. The 
experimental results and simulation discussion show that water has heterogeneity property. 
Above 200 K, the nanoconfined water is in a liquid state without crystallization and a dynamic 
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crossover is observed at 225 K due to the quick conversion from HDL to LDL which relates to 
the intrinsic property of bulk water.   
Chapter 4 focuses on the observation of the rotational glass transition of water at 190 K. 
At 200 K, LDL dominates the water structure. Below 200 K, there is a second Arrhenius to 
Arrhenius transition occurring at 190 K due to change of low-density water molecular tumbling 
motion. The NMR spectra analysis shows part of the LDL forms amorphous ice. This is a strong 
evidence that supercooled water transfers to the glassy state below 200 K. 
Chapter 5 reports another glass transition observed from the endothermic shoulder at 150 
K on the DSC curve. We proved only existing “carbon surface/interfacial water/bulk-like water” 
sandwich structure would have this transition. So, this glass transition is induced by interfacial 
water. 
Finally, Chapter 6 I extended my work to the role of interfacial water from 290 K to 140 
K. I provided evidence that for monolayer water confined in nanopores, it doesn’t freeze at 
extremely low temperature, and have an Arrhenius to Arrhenius transition at 170 K.  
1.2 Hypotheses, Simulation Discussions, and Experimental Evidences of Water 
1.2.1 Hypotheses of Supercooled Bulk Water 
As mentioned in Section 1.1.2, the LDA to HDA first order phase transition and liquid-
gas critical point inspired scientists to have the similar idea to the water in the “no man’s land”. 
They assume if heating glassy water to higher temperature, there could have LDL which is the 
LDA glass forming liquid and HDL which is the HDA glass forming liquid coexist in “no man’s 
land” [26]. For such liquid-liquid coexistence model, there are three main theoretical physics 
pictures: (1) stability limit hypothesis [6] (2) singularity-free hypothesis [27, 28] (3) liquid-liquid 
critical point hypothesis [26]. This section will briefly review the physic in these three models.  
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One of the popular explanations for the anomalous behaviors of liquid water is the 
stability limit hypothesis [6], which assumes that the spinodal temperature line, 𝑇𝑆(𝑃), in the 
pressure-temperature (P-T) phase diagram of water connects to the locus of the liquid-to-gas 
spinodal (i.e., the limit of metastability) of superheated water. It predicts that liquid water cannot 
be cooled or stretched beyond the 𝑇𝑆(𝑃) line [29]. 
 
Figure 1.4 Illustration of singularity-free hypothesis. The yellow dots represent water connecting 
each other by non-hydrogen bonds and the blue dots represent water connecting each other by 
hydrogen bonds 
 
The second theory about supercooled bulk water is called the percolation hypothesis [27, 
28, 30-32], which is also referred to as the singularity-free hypothesis (Figure 1.4). It claims that 
the thermal response functions of bulk water in the supercooled region have a rapid rise without 
singularity. Sastry and Stanley treated bulk water as a network connected with the neighboring 
water molecule both by hydrogen bonds and non-hydrogen bonds (Van de Walls interaction). 
The Hamiltonian of water molecules in the network is Eq. 1.5 
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ℋ = ℋ𝑁𝐻𝐵 + ℋ𝐻𝐵 = −𝜖 ∑ 𝑛𝑖𝑛𝑗
<1,2>
𝑖,𝑗
− 𝐽 ∑ 𝑛𝑖𝑛𝑗𝛿𝑖𝑗
<1,2>
𝑖,𝑗
 (1.5) 
Where the ℋ𝑁𝐻𝐵 is the non-hydrogen bond Hamiltonian and the ℋ𝐻𝐵 represents the 
Hamiltonian part for hydrogen bond. 𝜖 and 𝐽 are the energy for non-hydrogen bonds and 
hydrogen bonds interaction. 𝑛𝑖, 𝑛𝑗  represent nearest neighbor occupation. 𝛿𝑖𝑗 is the angle 
between two nearest water molecules. The heat capacity and other thermal response functions are 
solved by the network partition function. This hypothesis considers water as a locally structured 
gel comprised of “monomers” (i.e., water molecules) held together by hydrogen bonds and non-
hydrogen bonds. When temperature decreases, the number of monomers held by hydrogen bonds 
increases. These growing local “patches” formed by water molecules lead to enhanced 
fluctuations of specific volume and entropy, which results in a drastic increase of the thermal 
response functions of supercooled water, such as specific heat and compressibility. However, the 
percolation hypothesis fails to explain the first order phase transition of the amorphous states 
from LDA to HDA [27, 33].  
The third theory is called the liquid-liquid phase transition (LLPT) hypothesis[26], which 
was inspired from the gas-liquid phase transition of water and molecular dynamic (MD) 
simulations. As shown in both experiments and theory, below the gas-liquid critical point C (see 
Figure 1.5), where the critical temperature 𝑇𝐶 = 647 𝐾 and the critical pressure 𝑃𝐶 = 22 𝑀𝑃𝑎, 
the superfluid phase separates into two new phases: a low-density gas phase at low pressure and 
a high-density liquid phase at high pressure [34]. The thermodynamic response functions are at a 
maximum on the Widom line, which corresponds to the maximum fluctuations of structures just 
beyond the liquid-gas critical point, C, in the higher temperature and higher pressure region [26]. 
Similarly, beyond the predicted second critical point, C’, in the liquid-liquid phase transition, 
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there will also be two phases: a low-density liquid phase at low pressure and a high-density 
liquid phase at high pressure [35, 36]. The LLPT hypothesis also predicts there is a Widom line 
beyond C’, as the red dashed line shown in Figure 1.5.  
 
Figure 1.5 The liquid-liquid phase transition (LLPT) of water under ambient pressure as 
predicted by the LLPT hypothesis. C is the liquid-gas critical point and C’ is the hypothesized 
liquid-liquid critical point around TC’ = 207 K and PC’ = 50 MPa (simulation results) [37]. The 
magenta solid line is the coexistence line of HDA-LDA and HDL-LDL predicted from LLPT 
hypotheses. Dashed red line denotes the Widom line, which intersects with the 1 atm pressure 
line at 𝑇𝑊 = 228 𝐾 [26, 28, 34] 
 
It is of importance to emphasis that the Widom line intersects with 1 atm pressure line at 
temperature 𝑇𝑊 = 228 𝐾 [26], which is the same as 𝑇𝑆 (fitted from Eq. 1.3, 1.4).  
1.2.2 Hypothesis of Heterogeneity of Water: two-state model 
Dating back to 1892, Roentgen’s proposal, he considered water is a mixture of two basic 
components, a icelike component and a normal liquid component[38]. Roentgen’s essential idea 
has been developed and extended by many researches [39]. This hypothesis has been 
successfully in explaining the anomalous properties of bulk water.   
Widom line 
𝑇𝑊𝑖𝑑𝑜𝑚 = 228 K 
1 atm 
𝑇𝐻 = 235 K 
~207 K 
500 atm 
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Anisimov et. al considered the pure water working as a non-ideal mixed solution[40, 41]. 
Assume the fraction of state B (LDL) is 𝑥 with chemical potential 𝜇𝐵, and the fraction of state A 
(HDL) which has chemical potential 𝜇𝐴 is (1 − 𝑥). The overall Gibbs energy for such mixed 
water is Eq. (1.6) 
𝐺 = (1 − 𝑥)𝜇𝐴 + 𝑥𝜇𝐵 = 𝜇𝐴 + 𝑥(𝜇𝐵 − 𝜇𝐴) = 𝜇𝐴 + 𝑥𝜇𝐵𝐴 (1.6) 
Where 𝜇𝐵𝐴 is defined as the chemical potential different between state A and B. The 
Gibbs energy of the mixture is derived in Eq. (1.7) 
𝐺
𝑘𝐵𝑇
=
𝜇𝐴
𝑘𝐵𝑇
+ 𝑥
𝜇𝐵𝐴
𝑘𝐵𝑇
+ 𝑥𝑙𝑛𝑥 + (1 − 𝑥)𝑙𝑛(1 − 𝑥) + 𝜔𝑥(1 − 𝑥) (1.7) 
Where 𝜔 is state A and B interaction parameter, variant with temperature and pressure.  
However, the two-state model or heterogeneity hypothesis is based on mean field theory 
not affected by fluctuation. So, when the fraction  𝑥 approach to the critical fraction 𝑥𝑐, Eq. (1.7) 
should consider Landau expansion. The crossover theory developed by Anisimov et. al 
[42]combining with the two-state mean field theory in a wide temperature range predicts there is 
a sharp change of thermal response function without discontinuity [43]. 
1.2.3 Liquid-Solid Transition Hypothesis 
There is another hypothesis to understand the supercooled water: Chandler thought the 
phenomenon predicted in LLPT that stable HDL and LDL phase coexistence at low temperature 
high pressure is putative [44]. The liquids demonstrated in LLPT hypothesis are metastable 
phases, especially the low-density liquid is suggested to being coarsening of the ordered ice-like 
phase.  
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Figure 1.6 Pressure-Temperature (P-T) Phase diagram of supercooled water. 𝑇𝑚 and 𝑇𝑠 represent 
melting temperature and stability limit temperature. Blue region in the P-T plane is the stable 
state of liquid, red region is where the liquid is metastable, and grey region is where liquid is 
unstable. The free energy surfaces of liquids are shown above in a function of density and 
structure orientation parameter 𝑄6. The molecular configurations from simulation are shown 
below. The white patches are representing liquids, the red patches are coarse grained ice, 
respectively[45]. 
 
Figure 1.6 shows the pressure-temperature phase diagram of bulk water from liquid-solid 
transition hypothesis. The liquid is the stable equilibrium phase above ice-water melting 
temperature 𝑇 > 𝑇𝑚, and is unstable below the stability limit temperature 𝑇𝑠. Between 𝑇𝑠 < 𝑇 <
𝑇𝑚, intermediate region, liquid is metastable phase with respect to crystal ice. In liquid-solid 
transition hypothesis, during the intermediate temperature region, the water structure relaxation 
is slower when going to lower temperature. When the temperature approach to the stability limit 
temperature 𝑇𝑠, coarsening of water occurs on time scale in milliseconds and such water is 
preparing to form coarse-grained ice. The free energy surfaces for water below 𝑇𝑠 shows it is not 
a stable phase. The snapshot from the simulation box also shows the coarse-grained ice forming 
faster than the liquid structure relaxation.  
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In summary, the LLPT hypothesis considers water has a second metastable critical point 
at high pressure low temperature. The long-range fluctuation from the critical point could affect 
the properties of bulk water at lower pressure higher temperature. The anomalous properties of 
water are the influence from the hidden second critical point. The singularity-free scenario 
shows, there is the appearance of sharp but continuous changes in density and entropy at low 
temperature without hidden critical point. The anomalies of water at ambient pressure 
supercooled region can be reproduced by adjusting the water cooperativity parameter. Spinodal 
stability limit hypothesis and solid-liquid transition hypothesis both consider supercooled water 
is unstable liquid below 𝑇𝑠. The sharp increase of the thermal properties of supercooled water are 
due to approaching the stability line. The two-state model is discussing the problem from another 
point of view. It treated water as a mixture of two types of clusters. One is liquid-like (high-
density liquid) cluster and the other is ice-like (low-density liquid) cluster. By modulating the 
interaction parameter, Anisimov et. al also can reproduce the anomalies of water at ambient 
pressure in supercooled regime.  
1.2.4 Simulation Results from Different Water Models 
Water is a particularly difficult material to simulate because it is a molecular liquid and 
researchers have been unable to universally agree on its tractable intermolecular potential [46]. 
Nevertheless, there is still a distinct advantage of using simulations over experiments when 
studying the bulk water. Even the most recent experimental techniques, such as X-ray diffraction 
[14] still cannot probe the “no man’s land” region of the phase diagram due to the homogeneous 
nucleation of the supercooled water from liquid to ice. However, nucleation will not occur on the 
timescale of computer simulations, which is typically in the picosecond range. Therefore, 
simulations have the ability to probe the local structure and dynamics of water below 𝑇𝐻.   
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Figure 1.7 Simple water molecule models and their structure parameters. Model types a, b and c 
are all planar, whereas type d is almost tetrahedral [47]. The middle point site in c and the lone 
pair sites in d are labeled q2. The model types (a-d) are explained and defined in Table 1.1 
Note: 𝜎 is the average distance between water molecules; 𝐼1 is the O-H bond length; 𝐼2 is the average distance 
between oxygen to the nearest neighboring hydrogen; 𝑞1 is the charge on hydrogen; 𝑞2 is the average charge on 
oxygen; 𝜃0 is the H-O-H bond angle; 𝜙0 is the angle between two nearest neighboring hydrogens 
 
Table 1.0.1 Parameters of Selected Water Molecule Models 
Water Model Type 𝝈 (Å) 
𝝐 (
𝒌𝑱
𝒎𝒐𝒍
) 
𝑰𝟏 (Å) 𝑰𝟐 (Å) 𝒒𝟏 (𝒆) 𝒒𝟐(𝒆) 𝜽
∘ 𝝓∘ 
ST2[48] d 3.1 0.3169 1 0.8 +0.243 -0.2436 109.47 109.47 
SPE/C[49] a 3.166 0.650 1 - +0.4238 -0.8476 109.47 - 
TIP4P/2005[50] c 3.159 0.7749 0.957 0.1546 +0.5564 -1.1128 104.52 52.26 
TIP5P[51] d 3.12 0.6694 0.9572 0.7 +0.241 -0.241 104.52 109.47 
WAIL[52] c 2.483  0.9496  +0.686 -1.373 106.89 - 
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Table 1.0.2 Calculated physical properties of selected water molecule models and experimental 
data measured from bulk water 
Model 𝝁 𝝐𝒓 𝑫𝟎 
(𝟏𝟎−𝟓
𝒄𝒎𝟐
𝒔
) 
𝑬𝒂 (
𝒌𝑱
𝒎𝒐𝒍
) 
𝝆𝟎 (℃) 𝜶  
(𝟏𝟎−𝟒 ℃−𝟏) 
Experimental 2.95 78.4 2.30 -41.5 +3.984 2.53 
SPE/C 2.35[53] 71[53] 2.49[54] -41.5[53] -38[55] 5.14[56] 
TIP4P/2005 2.305[57] 60[57] 2.08[58] - +5[58] 2.8[58] 
TIP5P 2.29[51] 81.5[51] 2.62[54] -41.3[51] +4[51] 6.3[51] 
WAIL - 80.8[59] 1.56[59] -45.38[59] +9[59] - 
Note: 𝜇 is dipole moment; 𝜖𝑟 is dielectric constant; 𝐷0 is self-diffusion coefficient; 𝐸𝑎 is activation energy to break 
the O-H bond; 𝜌0 is the temperature at maximum density; 𝛼 is thermal expansion coefficient.  
 
ST2 (see Figure 1.7 (d)) water was the first simulated water model developed by 
Stillinger et al. in 1974 [48]. It exaggerates the real properties of water when the temperature 
approaches 𝑇𝐻 = 235 𝐾. The MD results from the ST2 water model at low temperature and high 
pressure support the LLPT hypothesis. However, ST2 overestimates the melting temperature of 
ice, 𝑇𝑚, by 30 K [48]. Other water models, such as SPC/E (see Figure 1.7 (a)) TIP5P (see 
Figure 1.7 (d)) support the LLPT hypothesis at low temperature also, but SPC/E predicts the 
maximum density of water is at 240 K [54], and TIP5P predicts the ice 𝐼ℎ state to be metastable 
[51]. TIP4P/2005 (see Figure 1.7 (d)) is widely used nowadays. It predicts the maximum density 
temperature at 278 K. Figure 1.8 shows the snapshot of simulation results for TIP4/2005 water at 
room temperature and supercooled region. It is clear to see that water has two different local 
structures: HDL (yellow patches) and LDL (blue patches). At room temperature, water structure 
is dominated by HDL (less tetrahedral) structure. While at supercooled region, water structure is 
dominated by LDL (more tetrahedral) structure. Nilsson et. al have observed the continuous 
conversion between HDL to LDL by lowering temperature at ambient pressure. He concludes 
this continuous conversation is due to the influence from the hidden critical point from LLPT 
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hypothesis. But TIP4/2005 doesn’t predict the melting temperature for ice-water transition 
precisely, it gives a 𝑇𝑚 that is 20 K lower [58, 60]. There are also other models, such as the mW 
model, do not support LLPT, but rather suggest micro-crystallization of supercooled water 
occurs [45, 61]. However, none of these models were able to predict the phase diagram around 
the ice (𝐼ℎ) melting temperature.  
 
 
Figure 1.8 (a) Snapshot of simulation results for TIP4/2005 water at T = 340 K. (b) Snapshot of 
simulation results for TIP4/2005 water at T = 253 K. (c) Illustration of simulation results for 
TIP4/2005 at ambient pressure from room temperature to supercool region. And illustration of 
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hypothetical LLPT phase diagram. The yellow patches represent HDL water and blue patches 
represent LDL [62] 
 
 
 
Figure 1.9 (a) The relative population of high-LSI and low-LSI from TIP4/2005 simulation 
results versus temperatures [63] (b) Hypothetical temperature dependent heterogeneity of water. 
The density of water separated in normal region and anomalous region. The blue solid line is the 
simulation result, the inserted pictures illustrate the continuous transition from HDL to LDL. 
From right to left, HDL dominated water structure, fluctuation into dense packing HDL liquid, 
HDL patches into LDL liquid, LDL dominates liquid. [62, 64] 
 
Figure 1.9 (a) plots the conversion between local HDL and LDL versus temperature, (b) 
shows such local structure conversion resulting the anomalies of water. The local structure 
continuous conversion gives the anomalies of water at ambient pressure. 
Recently, a new model named WAIL derived from Adaptive Force Matching for Ice was 
created through quantum and molecular mechanics calculations by fitting a coupled-cluster 
quality potential energy surface (PES) of water [52, 65]. The WAIL water predicts the 𝑇𝑚 of ice 
(𝐼ℎ) to be 270 K [59] and the temperature at its maximum density at 282 K [59]. 
The LLPT in supercooled water was observed by applying the WAIL model (Figure 
1.10) [37]. At a pressure below 50 MPa, the density demonstrates a non-linear change with 
temperature. At 50 MPa, the change becomes more drastic. Above 50 MPa, the density adopts a 
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linear response as a function of temperature. The simulated liquid-liquid critical point occurs at a 
pressure and temperature of 50 MPa and 207 K [37].  
 
Figure 1.10 Density isobars of supercooled water from 200–260 K and 0.1–70 MPa. The 
densities of WAIL ice (𝐼ℎ) at 10 MPa from 200–210 K is plotted as reference. [37] 
 
In summary, the WAIL model describes the properties of water most accurately among 
these tremendous water models.  
For this dissertation, we collaborated with Professor Limei Xu’s group in Peking 
University who has expertise in WAIL water model simulations so that we could get the 
information of the diffusion coefficient of confined water and the local structures of supercooled 
water. Determining the rotational and translational diffusion coefficients will help us to 
understand the dynamic properties of water (e.g., molecular motions). Additionally, investigating 
the local structures of water may enable us to determine the existence of possible molecular 
structures in supercooled water. However, due to the limitations of the simplified energy, there is 
no exactly traceable potential to describe the real molecular potential of water which is extremely 
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important in MD simulation, therefore in order to confirm or disprove the theory and 
simulations, it is still necessary to collect experimental data. 
1.2.5 Nanoconfined Water Experiments 
Decades ago, scientists found when they confined water in nanopores, such as MCM-41 
(a porous hydrophilic silica nanotube) [66-77], SBA-15 (a micellar material) [78], and layered 
vermiculite clay [79, 80], the freezing point could be suppressed to a low temperature region [81, 
82], even avoiding crystallization altogether [82].   
 
Figure 1.11 The heat capacity (𝐶𝑃) of water confined in MCM-41 featuring different pore sizes 
(1.5–2.1 nm). The dashed line is the 𝐶𝑃 of bulk water and ice, provided for reference [83] 
 
Recent experimental studies on water confined in MCM-41 shed light on ways to 
investigate the properties of supercooled water in the “no man’s land” region of the phase 
diagram. The specific heat capacity of water confined in different MCM-41 pore sizes showed 
that in a system featuring 2 nm-sized confinement or less, there was no fusion of ice (Figure 
1.11). This result indicates that nanoconfinement can prevent crystallization of water and enable 
us to measure the properties of water in the temperature range between 150–230 K.   
20 
 
 
Figure 1.12 (a) The inverse of the diffusion coefficient versus 1000/T as measured by NMR for 
water confined in 1.4 nm MCM-41. (b) Translational correlation time of water confined in 
MCM-41 samples in 1.4 nm pores versus 1000/T as measured by QENS [69, 84]. 
 
Quasielastic neutron scattering (QENS) and nuclear magnetic resonance (NMR) 
spectroscopy are two techniques that can be used to probe the dynamics of a material. Figure 
1.12 (b) demonstrates the correlation time of water molecules obtained from QENS experiments 
on water confined in an MCM-41 samples. In this plot, there is a dynamic crossover temperature 
𝑇𝐿 at 225 𝐾, which was found from the intersection of two different types of correlation time 
fittings (Vogel-Fulcher-Tammann (VFT) fitting and the Arrhenius fitting, which will be further 
discussed in Section xx) [85, 86]. Meanwhile, the diffusion coefficient of water in the MCM-
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41measured from pulse gradient NMR also showed a similar transition temperature at 223 ± 2 𝐾 
(see Figure 1.12 (a)). The Chen’s group considered such a dynamic transition as related to the 
second critical point in LLPT theory. 225 K is the temperature where the fluctuation of the two 
liquids (VFT and Arrhenius) reaches a maximum by the definition of Widom line [69, 84].  
However, the claim remains in question. Vogel’s group shows for water confined in 
MCM-41, it has step crystallization below 250 K, the observed transition and other dynamic 
changes may be induced by micro-crystallization. These experiments and active discussions 
bring up following questions in our research:  
(1) Is the water homogeneous or heterogeneous naturally? 
(2) Is the LDL existing at low temperature region if water is not freezing? 
(3) Is the dynamic crossover induced by micro-crystallization instead of LLPT?  
(4) How does the surface effect or nanoconfinement effect affect the properties of water? 
(5) What is the mechanism for water’s glass transition? 
My main focus in this dissertation is trying to understand the physics behind the 
anomalous behavior of water. To access the “no man’s land”, we applied water confined in 
hydrophobic surfaces. To investigate the properties of confined water, we performed DSC and 
NMR methods to study the thermodynamic and dynamic properties of water.  
In our experiment, most importantly, we captured the macroscopic heterogeneity of water 
at room temperature and proved LDL is a stable liquid state at low temperature. We also noticed, 
above 200 K, there is no crystallization for supercooled confined water and has a dynamic 
crossover temperature at around 225 K which is the same as water confined in hydrophilic pores. 
This is a strong evidence to prove the dynamic crossover is not induced by micro-crystallization 
or surface effect but the intrinsic property of bulk water. At 190 K, we observed a rotational 
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glass transition of water and a growth of amorphous ice. Finally, we found there is a glass 
transition at 150 K for confined water which is induced by the interfacial water.  
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CHAPTER 2 EXPERIMENT METHOD, SAMPLE  
PREPARATION AND CHARACTERIZATION  
 
2.1 Nuclear Magnetic Resonance (NMR) 
Studying the structure and dynamics of a material is generally performed using X-ray 
diffraction (XRD) [25, 87, 88], rheology, or various optical methods [89, 90]. However, these 
techniques can only measure bulk material properties. For confined systems, X-ray fails to 
penetrate the surface. shear stress cannot be applied on the material in the pores, optical methods 
only give local structure information. In contrast, NMR is uniquely suited for probing local 
structures and dynamic properties of liquids or gases inside porous media, as long as it contains 
nuclear spin [91]. 
In this dissertation, we applied NMR to probe the size distribution of activated carbon 
micropores (< 2 nm), as well as to investigate the state of water confined in the nanopores, 
including the dynamics and local structure [92]. Therefore, it is necessary to review some of the 
basic concepts of NMR prior to its application in this research.  
2.1.1 Magnetization 
Materials are made of atoms. Atoms have electrons and nuclei. Every nucleus has mass, 
electric charge, magnetism, and spin. The magnetism of a nucleus can interact with a magnetic 
field. The spin of nucleus acts like it is spinning around, rotating in space like a planet. Nuclear 
magnetism and nuclear spin are sensitive to the molecular environment, for example, the 
surrounding electrons, or other spins from the same molecule. These properties provide scientist 
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with an excellent tool for spying on the microscopic and internal structure of objects without 
destructivity. 
Table 2.1 Gyromagnetic ratio of the nuclei used in NMR spectroscopy [93] 
Nucleus Spin Natural Abundance (%) 𝜸 (𝟏𝟎𝟔 𝒓𝒂𝒅 ∙ 𝒔−𝟏 ∙ 𝑻−𝟏) 𝜸
𝟐𝝅
 (𝑴𝑯𝒛 ∙ 𝑻−𝟏) 
1H 1/2 99.9885 267.513 42.576 
2H 1 0.015 41.066 6.539 
13C 1/2 1.07 67.262 10.705 
19F 1/2 100 251.662 40.053 
Note: 𝛾 is gyromagnetic ratio 
 
A rotating object possesses a quantity called angular momentum. In quantum mechanics, 
angular momentum is quantized as 𝐼ℏ, in which 𝐼 is the spin quantum number and ℏ is Planck’s 
constant. The dipolar magnetic momentum can be defined as 𝜇 = 𝛾𝐼ℏ, where 𝛾 is the 
gyromagnetic ratio. When an external magnetic field (𝐵0) is applied to a nuclear state with spin 
𝐼, it will degenerate to (2𝐼 + 1) sublevels featuring magnetic quantum numbers (𝑚)  of −𝐼, −𝐼 +
1, … 𝐼 − 1, 𝐼. Table 2.1 lists the spin number and gyromagnetic ratio for selected nuclei. For 
example, 1H has a nucleus of spin ½. When 𝐵0 is applied, the equilibrium energy state will split 
into two different energy states, featuring an energy (𝐸𝑚) of 𝜇𝐵0 = −𝛾𝐼ℏ𝐵0 = −𝑚𝛾ℏ𝐵0 =
±
1
2
𝛾ℏ𝐵0 (see Figure 2.1). The spins will possess along the external field axis with the Larmor 
frequency 𝜔0 (𝜔0 = −𝛾𝐵0).  
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Figure 2.1 Illustration of a 1H nucleus in an external magnetic field [93] 
 
In thermal equilibrium, the probability for a spin to remain at the split energies follows 
the Boltzmann distribution 𝑃𝑚 ∝ exp(−𝐸𝑎/𝑘𝐵𝑇), in which 𝐸𝑎 is the degeneracy energy and 𝑘𝐵 
is the Boltzmann constant. The net magnetization, M0, for N non-interacting spins follows Eq. 
(2.1):  
               𝑀0 = 𝑁𝛾ℏ
∑ 𝑚𝑒𝑥𝑝(
𝑚𝛾ℏ𝐵0
𝑘𝐵𝑇
)𝐼𝑚=−𝐼
∑ exp(
𝑚𝛾ℏ𝐵0
𝑘𝐵𝑇
)𝐼𝑚=−𝐼
  .                           (2.1) 
At the high temperature limit, 𝛾ℏ𝐵0 ≪ 𝑘𝐵𝑇, Eq. (2.1) can be simplified to: 
     𝑀0 =
𝑁𝛾2ℏ2𝐵0𝐼(𝐼+1)
3𝑘𝐵𝑇
 .                   (2.2) 
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Figure 2.2 Schematic illustrations of the (a) external field perturbation of an RF pulse, (b) the net 
magnetization precession after the RF pulse, and (c) the FID 
 
When an external oscillation field at the Larmor frequency (𝜔0) is applied perpendicular 
to the static field, the net magnetization will tip away from the z-direction. After perturbation, the 
net magnetization will start precession along the static field (𝐵0) as a single spin and generate an 
electromagnetic signal that can be detected by a radio-frequency (RF) sensor. Such a signal is 
referred to as the free induction decay (FID). (see Figure 2.2 (c)) 
2.1.2 Relaxation 
There are two types of relaxation that can describe the interactions between spins: 
longitudinal (𝑇1) and transverse (𝑇2). The Bloch equations describe the time evolution of the net 
magnetization in a classical picture in three-dimensional space (x, y, and z) [91, 94]: 
𝑑𝑀𝑥
𝑑𝑡
= 𝛾(𝑴×𝑯)𝑥 −
𝑀𝑥
𝑇2
 
                                                             
𝑑𝑀𝑦
𝑑𝑡
= 𝛾(𝑴×𝑯)𝑦 −
𝑀𝑦
𝑇2
                                                    (2.3)  
𝑑𝑀𝑧
𝑑𝑡
= 𝛾(𝑴×𝑯)𝑧 +
𝑀0−𝑀𝑧
𝑇1
 
When an RF pulse at its Larmor frequency is applied to the nucleus, the magnetization 
(𝑀) will be tipped away from its thermal equilibrium value (𝑀0). After such perturbation, the net 
. 
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magnetization tends to move back to its equilibrium state. The temporary magnetization on the x, 
y and z directions can be described by:  
𝑀𝑥 = 𝑀0sin (𝜔𝑡)exp (−𝑡/𝑇2) 
                                                     𝑀𝑦 = −𝑀0 cos(𝜔𝑡) exp (−
𝑡
𝑇2
)                                             (2.4)   
𝑀𝑧 = 𝑀0(1 − exp (−𝑡/𝑇1)) 
In the longitudinal direction, 𝑀𝑧 associates with the energy transfer from the spin to the 
surroundings, which is also called the lattice. Therefore, 𝑇1 is also referred as the spin-lattice 
relaxation. On the other hand, in the transverse plane, 𝑇2 describes the amount of time that the 
spins will lose their coherence. There is no energy transferred during the spin-spin relaxation 
time.  
 
Figure 2.3 Fourier Transform of spectral density 𝐽(𝜔0) in terms of frequency ω [93].  
 
In liquids, for a spin ½ system, the main relaxation mechanism is the dipolar interaction 
through space between two spins. Both rotation and translation result in the fluctuation of the 
local field [95]: 
                                                           
1
𝑇1
=
3
2
𝛾4ℏ2𝐼(𝐼 + 1)[𝐽1(𝜔) + 𝐽2(𝜔)]                                    (2.5)  
                                                  
1
𝑇2
= 𝛾4ℏ2𝐼(𝐼 + 1) [
3
8
𝐽0(0) +
15
4
𝐽1(𝜔) +
3
8
𝐽2(2𝜔)]               (2.6)  
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in which the tensor J is the Fourier transformation of the spectral density of the dipolar 
interaction as shown in Figure 2.3. And could be described by Eq. (2.7): 
𝐽0 =
1
𝑏6
24
15
𝜏
1 + 𝜔2𝜏2
 
                                                                   𝐽1 =
1
𝑏6
14
15
𝜏
1 + 𝜔2𝜏2
                                                         (2.7)  
𝐽2 =
1
𝑏6
16
15
𝜏
1 + 𝜔2𝜏2
 
in which 𝑏 is the distance between two spins and 𝜏 is the correlation time. For 1H and other ½ 
spin systems, this leads to the expressions of 𝑇1 and 𝑇2 as: 
   1
𝑇1
=
3𝛾4ℏ2
10𝑏6
[
𝜏
1 + 𝜔2𝜏2
+
4𝜏
1 + 4𝜔2𝜏2
] (2.8) 
1
𝑇2
=
3𝛾4ℏ2
20𝑏6
[3𝜏 +
5𝜏
1 + 𝜔2𝜏2
+
2𝜏
1 + 4𝜔2𝜏2
] (2.9) 
Note: in SI unit, right hand side equation should times (
𝜇0
4𝜋
)
2
= 10−14  
From Eq. (2.8) (2.9), it is clear to say that 𝑇1 relaxation time is strongly depending on the 
external magnetic field 𝐵0 (𝜔0 = −𝛾𝐵0) and 𝑇2 relaxation time is less or zero dependent on 𝐵0 
(see Figure 2.4) 
For a fixed external magnetic field 𝐵0 and known spin, such as 
1H, the correlation time 𝜏 
and 𝑇1, 𝑇2 could be plotted in Figure 2.4. Along the correlation time 𝜏 axis, lightly speaking, it is 
divided into three main regions: small molecule, large molecules/proteins/polymers, and solids. 
The shorter value of correlation time indicates faster motion or smaller size of molecules and 
longer correlation time represents slower motion or larger size of molecules. For small 
molecules, such as water, alcohol, due to fast motion limit, 𝑇2 ≈ 𝑇1, which is defined as fast 
motion region in Figure 2.4. In the contrast, macromolecules and polymers, 𝑇2 < 𝑇1 which is 
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categorized in slow motion region. For solids, 𝑇2 ≪ 𝑇1, due to the rigid lattice of solid structure. 
It shows the advantage that using 𝑇1, 𝑇2 relaxation time and correlation time can distinct 
different type of species, determine the motion of molecules, estimate the molecular sizes and 
roughly achieve liquids viscosity.  
 
Figure 2.4 Illustration of correlation time τ versus 𝑇1, 𝑇2. The red solid line and dashed line 
represent 𝑇1 value in low external field and high external field. The blue solid line represents 𝑇2 
value [92]. ( 𝑇2 is almost zero depend on Larmor frequency 𝜔0 )  
 
2.1.3 NMR Measurements 
FID measurements  
The proton (1H) NMR spectra were recorded using a Bruker Avance III spectrometer and 
a Bruker PH MASDVT 500W2 BL4 N-P/H probe on a 500 MHz magnet (11.7 T). The temperature 
was controlled within ±0.2 K by heating evaporated liquid nitrogen from 77 K to the target 
temperature. A single pulse sequence was applied during the measurements. The free induction 
decay was extrapolated to 𝑡 = 0 in order to obtain the total intensity. The intensity was also 
corrected by Currie’s Law (1/T) and the Q factor of the equipment (see APPENDIX B).  
It is important to emphasis that the RF pulse length we applied in our experiments is 0.5𝑢𝑠 
much shorter than 4.5𝑢𝑠 which is the 1H 90° pulse for 500 MHz system at highest power level. 
30 
 
The reason we chose 0.5𝑢𝑠  instead of 4.5𝑢𝑠  is we want to excite as many spins as possible 
especially at low temperatures. For a 0.5𝑢𝑠  RF pulse length, it could excite and capture the 
information of spins located in a large frequency region of 0.6 MHz (1 (𝜋(0.5𝑢𝑠))⁄  instead of 
0.06 MHz. Such short RF pulse will tip the net magnetization 𝑀0 a small angle away from the z 
axis, so it is called small-angle measurement.  
1H spin-lattice relaxation measurements 
To study the spin-lattice relaxation, we applied an inversion-recovery pulse sequence of 
180𝑥
𝑜 − 𝑡 − 90𝑦
𝑜 , in which the duration time 𝑡 was varied from 5 μs to10 s (see Figure 2.5).  
 
Figure 2.5 (a) Illustration of inversion-recovery pulse (b) Magnetization varies by the pulse and 
evolution (c) Magnetization growth for different t value. 
 
The function of the inversion pulse (𝜋𝑥  in Figure 2.5 (a)) is to flip the longitudinal 
magnetization (𝑀0) to the opposition direction of the main magnetic field (𝐵0) (see Figure 2.5 
(b)). It inverses the population of the spins to −𝑰𝒁 direction. During the delay time 𝑡, the spins are 
allowed to relax and seek to re-establish magnetization along 𝑰𝒁 direction until (𝜋 2⁄ )𝑥 applied. 
During the spin relaxation time, it releases energy to the surrounding environment which is called 
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lattice conventionally. The magnitude and sign of the signal in the acquired FID depend on the 
longitudinal relaxation rate of each spin and the during time set in between two pulses (see Figure 
2.5 (c)). If 𝑡 systematically varies, the FID signal of 𝑡 follows Eq. (2.10) 
𝑀(𝑡)
𝑀0
= 1 − 2𝑒
−
𝑡
𝑇1  (2.10) 
Since 𝑇1 relaxation is dominated by the intramolecular dipole-dipole interaction in liquids, 
the rotational correlation time, 𝜏 , could be calculated from Eq. (2.8). 𝛾  in Eq. (2.8) is the 
gyromagnetic ratio of the proton, 𝑏 is the distance between the two hydrogen atoms in the molecule 
(0.156 nm for H2O), and 𝜔0 is the Larmor frequency (2𝜋×500 MHz at 11.7 T).  
1H spin-spin relaxation measurements 
To study the spin-spin relaxation, we applied two types of pulse sequences performed in 
this thesis: Hahnecho pulse [96] and Carr-Purcell-Meiboom-Gill (CPMG) pulse [97].  
The NMR signal decays following an initial RF pulse due to both spin relaxation and 
inhomogeneous in field space which cause spins in the sample to precess at different rate. The 
relaxation is an irreversible loss of magnetization. However, the inhomogeneous dephasing can 
be removed by an inversion pulse that inverts the magnetization vectors. If the inversion pulse is 
applied following a duration time 𝑡 of dephasing, the inhomogeneous evolution will rephrase to 
form an echo after waiting for the same time 𝑡. (see Figure 2.6(F)) 
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Figure 2.6 (A)-(F) Illustration of Hahnecho pulse sequence and dephasing and refocusing 
process for spins step by step [97] 
Note: (A)-(B) The vertical red arrow represents the net magnetic moments of a group of spins in the rotation frame 
before and after a 90° RF pulse. (C) due to local magnetic field inhomogeneities, some spins slow down due to 
lower local magnetic field strength which are at the tail behind, while some speed up due to higher local magnetic 
field which are ahead of others. The heterogeneity of filed makes spins decay. (D) A 180° pulse added after spins 
diphase in time 𝑡 interval makes the slower spins ahead and faster spins behind.  (E) Similarly, the faster spin will 
catch up with slower spins after time 𝑡. (F) Complete refocusing has occurred. 
 
The Hahnecho method could remove the inhomogeneous field effect, however, the 
random translational diffusion during time 𝑡 cannot be ignored. For spins diffuse to another field 
strengths, the inversion pulse cannot refocus these spins and will contribute an extra decay 
during two pulses. In 1954, Carr and Purcell first developed the Hahnecho method [97] by 
applying a sequence of inversion pulses with a sufficiently short time interval 𝑡 that could greatly 
reduce the diffusion effect. Later on, Meiboom and Gill in 1958 improved this approach by using 
better electronics to generate coherent pulses with the initial 90° pulse shifted in phase by 90° 
relative to the subsequent 180° pulses [98]. 
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Figure 2.7 (a) Illustration of CPMG pulse (b) Magnetization versus time 
 
Figure 2.7 (a) is a simple illustration of CPMG pulse with single phase setup. The final 
signal is variant by the number of 180°  (𝑛) in the pulse. The relaxation time of the spins for a 
fixed 𝑛 is. The spin-spin relaxation time 𝑇2 follows Eq. (2.11) 
𝑀(𝑡) = 𝑀0𝑒
−𝑡 𝑇2⁄  (2.11) 
Hole-burning experiment 
In principle, the hole-burning experiment is to study the motion of spins in a highly 
inhomogeneous filed [99, 100]. In this thesis, we applied the hole-burning experiment to 
investigate the reason of spectrum line broadening at low temperature. Field inhomogeneity is 
one of the mechanism of line broadening. Strong dipole-dipole interaction and isotropic 
rotational motion are also considered as important reasons. To understand the dipolar interaction 
and cooperativity of spins is crucial to this research. 
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The hole-burning sequence, employed in the NMR experiments starts with a long, low-
power pulse of length P1, to irradiate the spin system in a narrow frequency band. The spectrum 
of this pulse is the 𝑠𝑖𝑛𝑐 function with bandwidth ∆ΩHB/2π ≈ 1/𝑃1. It determines the bandwidth 
of the hole pulse and correlates with the sizes of the spatial domain of interest. Such RF pulse is 
called selective pulse. After applying the selective pulse, it excites a group of spins locating in 
the region 𝜔0 ∓ 1/2𝑃1 where 𝜔0 is the center frequency set in the transmitter (SFO1). Such 
excited spins are tipped away from their equilibrium position where the magnetic moment is 
along 𝑰𝒁. The other spins remain parallel to 𝑩𝟎. Following a recovery time D1, a broad-band 
detection sequence for longitudinal magnetization is applied with a “hard” high power pulse and 
a “hard” pulse length 𝑃2 ≪ 𝑃1. The frequency band width of the “hard” pulse ∆Ω/2π ≈ 1/𝑃2 is 
larger than the selective hole bandwidth ∆Ω𝐻𝐵/2𝜋. So, more spins should be excited by the 
detection pulse. If the hole spins are independent with the other spins, under the action of the 
detection pulse sequence, the magnetization 𝑀𝐻𝐵 from the hole pulse selected spins contributes 
little to the signal. Only the magnetization 𝑀𝑂𝑡ℎ𝑒𝑟 from the other unselected spins dominates the 
signal. Otherwise, 𝑀𝐻𝐵 and 𝑀𝑜𝑡ℎ𝑒𝑟 will both contribute to the final signal. 
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Figure 2.8 (a) Illustration of single pulse (b) illustration of hole burning pulse 
Note: P1, P2 are RF pulse lengths; PWL1, PLW2 are RF power level; D1 is the duration time between first and 
second pulse in hole burning pulse; D2 is the recovery time (last delay) for spins back to the equilibrium state   
(D2≥ 5𝑇1) 
 
2.2 Differential Scanning Calorimetry (DSC) 
2.2.1 Principles of DSC  
DSC is a thermoanalytical technique used to measure the specific heat capacity of a 
material by measuring the amount of heat required to increase the temperature of a sample and 
reference. For a heat flux DSC, the sample and reference are heated by a single furnace (see 
Figure 2.9), and the signal that is measured is the temperature difference between the sample 
(𝑇𝑠) and the reference (𝑇𝑟). The heat flow is calculated based on this temperature difference.  
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Figure 2.9 Schematic illustration of a heat flux DSC, in which ∆𝑇 = 𝑇𝑟 − 𝑇𝑠 
 
In thermodynamics, the specific heat capacity is the response function of enthalpy 
changed by temperature at a fixed pressure, see Eq. (2.12): 
                                                   𝐶𝑝 =
𝜕𝐻
𝜕𝑇
|
𝑝
=
1
𝑚
𝛿𝑄
𝑑𝑇
=
1
𝑚
[
∆𝑄
𝑡
∆𝑇
𝑡
⁄ ]                                                (2.12)  
in which 𝑚 is the mass of the sample, ∆𝑄 𝑡⁄  is the heat flux measured directly from the DSC, and 
∆𝑇
𝑡⁄  is the heating rate.  
Determining phase and glass transitions are the two main uses of DSC. Before the sample 
undergoes a physical transformation, the temperature difference (∆𝑇) is constant for the system. 
When the sample undergoes an exothermic or endothermic physical transformation, ∆𝑇 will 
change by applying a fixed power output. By observing the heat flow between the sample and 
the reference, the DSC technique can measure the amount of heat absorbed or released during 
such a transition. Compared to heat compensated DSC, heat flux DSC has higher resolution to 
observe more subtle material changes and its baseline is more stable [ref]. 
37 
 
2.2.2 Fragility  
In glass physics, fragility is an index to characterize how rapidly the dynamics of a 
material slow down as it is cooled toward its glass transition temperature [101]. Liquids with 
high fragility are called fragile liquids, which have a relatively narrow glass transition 
temperature range. For those liquids with low fragility are classified as strong liquids, which 
have a broader glass transition temperature range (Fig 2.10). Angel [101-104] was the first to 
propose this classification and defined the fragility index (𝑚) as a slope of viscosity (or 
relaxation time, 𝜏) for a material at a temperature near its glass transition temperature 𝑇𝑔 (Eq. 
2.13) 
                     𝑚 = (
𝜕 log10 𝜂
𝜕(𝑇𝑔 𝑇⁄ )
)
𝑇=𝑇𝑔
=
1
𝑙𝑛10
(
𝜕 ln 𝜂
𝜕(𝑇𝑔 𝑇⁄ )
)
𝑇=𝑇𝑔
=
𝑇𝑔
ln 10
(
𝜕 ln 𝜂
𝜕𝑇
)
𝑇=𝑇𝑔
              (2.13)  
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Figure 2.10 Plot of viscosity in logarithmic scale versus 𝑇𝑔/𝑇 [104] 
 
As shown in Figure 2.10, liquids that display linear behavior for the plot of 
log(𝜂)  𝑣𝑠. 𝑇𝑔/𝑇 are classified as strong liquids, which follow the Arrhenius law, 𝜂 =
𝜂0𝑒𝑥𝑝(−
𝐸𝑔
𝑅𝑇
). For strong liquids, 𝑚 can also be derived from Eq. (2.13) to give Eq. (2.14): 
                                 𝑚 =
𝐸𝑔
ln 10 𝑅𝑇𝑔
.                                                                        (2.14)
Meanwhile, liquids that have a non-linear relationship of log(𝜂) 𝑣𝑠. 𝑇𝑔/𝑇 are categorized as 
fragile liquids (Figure 2.10), which follow the VFT law, 𝜂 = 𝜂0𝑒𝑥𝑝(−
𝐸𝑔
𝑅(𝑇−𝑇0)
), in which 𝐸𝑔 is 
the activation energy for structure relaxation at 𝑇𝑔, and 𝑇0 is the ideal glass transition temperature 
for the fragile liquid.  
Based on Angel and Moynihan’s work [101, 105], the fragility index 𝑚 can be estimated 
from DSC measurements. Early study of glass transitions [13, 105] suggested that the 
dependence of the cooling rate (𝑄) of 𝑇𝑔 obeys an exponential law (Eq. 2.15): 
                                                                   𝑄 = 𝑄0 exp (
−𝐸𝑔
𝑅𝑇𝑔
)                                                          (2.15)  
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in which 𝑄0 is a constant. Different cooling and heating rates will result in different onset 
temperatures for 𝑇𝑔. Selecting a standard cooling/heating rate (𝑄𝑠) to achieve a standard 𝑇𝑔 
provides a reference glass transition temperature (𝑇𝑔
𝑠). Then by choosing another cooling/heating 
rate (𝑄) and obtaining that corresponding 𝑇𝑔, it is possible to compare it with the reference 𝑇𝑔
𝑠 
value and take the logarithm of the 𝑄 𝑄𝑠⁄  ratio to derive Eq. (2.16): 
                                                         𝑙𝑜𝑔
𝑄
𝑄𝑠
=
𝐸𝑔
ln 10 𝑅
(1 −
𝑇𝑔
𝑠
𝑇𝑔
) = 𝑚 (1 −
𝑇𝑔
𝑠
𝑇𝑔
)                                      (2.16) 
If we plot log(𝑄 𝑄𝑠⁄ ) versus (1 − 𝑇𝑔
𝑠 𝑇𝑔⁄ ), the slope represents the fragility index 𝑚. 
2.3 Material Characterization and Experiment Preparation 
2.3.1 Material Preparation  
In our experiments, activated carbon is the confinement media and was prepared from 
polyether ether ketone (PEEK). The PEEK pellets were carbonized at 900 oC for 30 min in 99.5% 
Argon atmosphere at a ramping rate of 45 oC/min starting from room temperature. After cooling 
the sample back to room temperature, the carbonized material was ground into powder featuring 
an average particle diameter of 0.5 mm. The pulverized sample was activated at 900 oC using water 
vapor and Argon gas as a carrier flow. The activation time was varied to achieve different burn-
off (BO) percentages, defined as the ratio of mass reduction during activation to the mass of the 
starting carbon material. Longer activation times led to higher BO values and larger micropores. 
The pore size distributions of the different BO samples were characterized using the nucleus 
independent chemical shift NMR porometry method which will discuss in the next section.   
2.3.2 Nucleus Independent Chemical Shift (NICS) Effect to Characterize Pore Size 
In this thesis, we applied 1H magic angle spinning (MAS) NMR method at room 
temperature to characterize the nanopore size quantitatively by NICS effect [106-108]. NICS is an 
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aromatic ring current effect on the local magnetic field experienced by the nuclear spin of the probe 
atom. It is not related to chemical bond and is nucleus independent.  
 
Figure 2.11 Illustration for a benzene molecule and ring current in an external field 𝐵0 
 
Figure 2.11 shows an example of NICS effect on a benzene molecule. The benzene 
molecule with 𝜋  electrons inducing a ring current in the external magnetic field gives a 
diamagnetic response to the file plane of the benzene ring and courses an upfield chemical shift. 
The mechanism of chemical shift is dominated from diamagnetic and paramagnetic effects from 
the ring currents associated with the aromatic and antiaromatic compounds. So, it is independent 
with the probe atoms.  
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Figure 2.12 1H NMR magic angle spinning (MAS) spectra of water in P-0 AC with different 
filling condition: black line represents vapor adsorption, red line represents partial vapor 
adsorption and injecting water, blue line represents absorption by syringe injection water [109]. 
 
The activated carbon (AC) has hexagonal structure with the ring current, as expected, there 
has a NICS effect in AC. Two well-resolved peaks are clearly observed in the 1H NMR spectrum 
(see Figure 2.12). The 1H chemical shift of the left peak is due to water stored in intergranular 
space or mesopores. The right peak is associated with water adsorbed in the nanopores. The upfield 
shift of the right peak with respect to the left peak is due to NICS effect of AC. From NMR spectra 
comparing three different filling methods, it shows there is no difference between syringe injection 
and vapor adsorption. The chemical shift 𝛿(𝑟) is a function of distance between the probe atom 
center and the surface of carbons which achieved from Density Function Theory (DFT) calculation. 
As shown in Figure 2.13. A summary of the center to center or surface to surface mean 
pore sizes with different burn off percentage samples are listed in Table 2.2.  
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Figure 2.13 Pore size distribution for different BO PEEK samples 
 
Table 2.2 List of activated carbon sample sizes. 
BO % Pore size d (nm) center to center Pore size d*(nm) surface to surface 
0 0.9 0.56 
40 1.21 0.87 
60 1.42 1.08 
80 1.64 1.3 
90 1.94 1.6 
 
2.3.3 DSC Sample preparation 
DSC measurements were carried out on a Q200 DSC (TA Instruments) for temperatures 
ranging from 120 K to 310 K. Activated carbon samples were put into a vapor chamber to absorb 
water until the nanopores were filled, which was defined as the sample weight no longer 
increased by the set time. The samples were then placed in an aluminum cell pan and 
hermetically sealed to prevent water evaporation. The same cooling and heating is applied for 
each DSC experiment trail. To determine 𝐶𝑝 of the confined water in the activated carbon, the 
background contribution from a dry activated carbon control was subtracted from the 
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thermograms during data analysis. To study 𝑇𝑔of the confined water in the activated carbon 
samples, 6 different cooling/heating rates (𝑄) were applied.  
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CHAPTER 3 HETEROGENEITY OF WATER: EVIDENCE  
OF HIGH-DENSITY LIQUID AND LOW-DENSITY LIQUID 
 
3.1 INTRODUCTION 
Water in the confinement system plays a crucial role in various applications such as 
protein folding and drug delivery [110-112], electron storage mechanism in the supercapacitors 
[113]. Most importantly, confined water shed the light to study the bulk water properties in 
details. Confinement systems reducing the dimension of bulk system could slow down the 
dramatic change during phase transition and make it possible to take a snapshot to observe the 
structure details [114]. Another notable effect of confinement system is for water under 
nanoconfinement, the freezing temperature greatly suppressed to much lower temperature region 
beyond the bulk homogeneous nucleation temperature 𝑇𝐻 [70, 82, 115, 116]. It provides an 
experimental access to investigate the water thermodynamic properties in “no man’s land” and to 
help further understand the anomalies of water such as maximum density at 4 ℃ [71, 117].  
Activated carbon with tunable pore sizes prepared in our lab provides hydrophobic 
surfaces for studying the properties of nanoconfined water at ambient pressure from 290 to 140 
K. In this chapter, we mainly use burn off 90% activated carbon (P-90 AC) which has average 
pore size 1.6nm from carbon surface to surface as the nanoconfinement media. P-90 AC could 
hold at least 5 layers of water, the specific heat capacity (CP) of water confined in P-90 AC is the 
same as bulk water at 25℃, 4.12 kJ ∙ K−1 ∙ g−1 which indicates the total confined water behaves 
like bulk water at high temperature and in atmospheric pressure. From NMR relaxation 
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experiments and MD simulations, we found at room temperature, confined water has “two 
phases”, one is dominated by high-density liquid (HDL) structure which is a dense-packing 
structure, the other is contributed by low-density liquid (LDL) structure which is a more 
tetrahedral structure [25]. This is a key point to understand the water unique properties: water is 
a heterogeneous liquid in contrast of a homogeneous liquid. 
The following sections will guide the investigation of water properties by applying NMR 
and DSC and arrive a deeper understanding of water itself. 
3.2 EXPERIMENTS SET UP 
The activated carbon sample is prepared from organic precursor PEEK and characterized 
by NMR porometry method (see Chapter 2.3.2). The main hydrophobic porous material used in 
our experiments are P-90 AC sample. To support our discoveries of intrinsic bulk water 
properties, we also run the same experiments on water confined in different pore sizes, P-80 AC 
which has pore size 1.3 nm from surface to surface and in P-94 AC which has 1.8 nm pore size 
from surface to surface but most of the pores are collapsed (pore structure are more 
complicated).  
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Figure 3.1 SEM image of dry activated carbon sample of P-90. The scalebar is 500 μm, each 
subdivision is 50 μm 
 
Figure 3.1 is a scanning electron microscopic (SEM) image of a dry P-90 sample. 1H 
NMR shows these carbonized sample at 900℃ have proton residue 0.1%. 
The DSC experiments run for dry activated carbon, bulk water/ice, and water confined in 
P-80/90/94 AC from temperature range 300-140 K at different heating/cooling rate. The dry 
activated carbon is baked at 150 ℃ under vacuum overnight to remove the moisture as much as 
possible. It is sealed in the aluminum pan immediately after baking. The confined water sample 
is prepared in the vapor chamber until it is fully filled with water. 
The NMR experiments run for two sets of samples mainly: (1) pure water confined in P-
80/90/94; (2) D2O-H2O mixed in molar ratio 4:1 confined in P-90. The D2O existence reduces 
the intermolecular interaction between two H2O molecules so that the relaxation mechanism and 
line width of 1H in NMR spectra are contributed from intramolecular dipolar interaction in H2O 
molecules mostly. For the pure water in P-80/90/94 samples, they are prepared to load the dry 
AC samples in a vapor chamber until the fully filled by water molecules. The mixed water in P-
90 sample, it is applied by dripping the mixed water droplets into the dry P-90 sample sitting in 
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the 4mm rotor. The previous study (see Figure 2.12) shows there is no difference between two 
preparation process, the water confined in nanopores is not forming chemical bonds to the 
surface and cavity [109]. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Specific Heat of Water under Nanoconfinement 
Using DSC method on water confined in P-90, we are able to obtain the heat capacity for 
temperatures ranging from 300 to 140 K. Figure 3.2 shows the specific heat 𝐶𝑃 of water confined 
by activated carbon at ambient pressure. Upon cooling from high temperature, the specific heat 
exhibits three regions: a sharp peak around 268 K, a broad peak centered at 230 K, and a shoulder 
region around 150 K. Comparing to the heat capacity of bulk water, the sharp endothermic peak 
at 268 K corresponds to the melting peak of excess water in the meso pores or intergranular special 
space [109]. Between 200 K and 250 K, a broad endothermic peak from 245 K to 210 K centered 
at 230 K is observed. This peak drop quickly below 200 K and at further lower temperature 𝐶𝑃 
exhibits a shoulder around T~150 K which we will discuss further in the CHAPTER 4 and 
CHAPTER 5.  
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Figure 3.2 Specific heat 𝐶𝑃  for water confined in activated carbon P-90, dry activated carbon P-
90, and bulk water/ice from temperature 140 K to 300 K under heating rate 10 K/min. Solid 
black line represents the 𝐶𝑃 for confined water, blue dot line represents 𝐶𝑃 for dry P-90 carbon, 
red dash dot line represents 𝐶𝑃 of bulk water/ice. All the measurements are under ambient 
pressure with heating/cooling rate 10 K/min. Green dash dot line is the guideline for 
experimental supercooled bulk water. [5] 
 
In the following sections, based on dynamic measurements we will show that the broad 
peak centered at 230 K is related to the high-density liquid (HDL) to low-density liquid (LDL) 
conversion. The quick drop of 𝐶𝑃 below 230 K corresponds to the gradually freezing of rotational 
degree of freedom for water confined in the nanopores.  
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Figure 3.3 Specific heat for water confined in different pore sizes P-40/60/80/90/94, specific heat 
for bulk water/ice, and specific heat for dry activated carbon. Solid lines are specific heat for water 
confined in different activated samples. Purple dot line is experimental bulk ice/water specific heat, 
green dash dot line is experimental dry activated carbon specific heat. These experiments are 
running on heating rate 10 K/min. Orange dot line is specific heat of supercooled water in 
supercool experiment [5] 
 
It is important to emphasis, at room temperature, the 𝐶𝑃 of confined water and bulk water 
are almost the same around 4.12 kJ ∙ K−1 ∙ g−1  and at 140 K, the 𝐶𝑃  of confined water are 
obviously larger than the ice. We also measured the heat capacity of water confined in different 
pores from 0.9 nm (H2O in P-40) to 1.8 nm (H2O in P-94) as shown in Figure 3.3. For water 
confined in pore size less than 1 nm (H2O in P-40), the specific heat increases as a smooth convex 
curve by increasing temperature. For water confined in pore size 1.3 nm (H2O in P-80) or larger 
(H2O in P-90/94), the specific heat capacity increases as a concave curve and has a broad 
endothermic peak from 200 K-240 K. For water confined in larger pores such as 1.6 nm (P-90) 
and 1.8 nm (P-94), the broad endothermic peak is more obvious and the peak center shifted to 
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higher temperature by increasing the pore sizes. There also has excess water accumulated in 
mesopores for water confined in P-90 and P-94 sample corresponding to the sharp melting peak at 
268 K. This series of experiments shows, water confined under 1 nm cannot represent bulk water, 
only for water confined in larger than 1.3 nm it can be similar to bulk water. It is worth to mention, 
for water confined in larger than 2 nm, it will crystallize to ice below bulk water freezing 
temperature and is not suitable for the designed experiments at sufficient low temperature.  
3.3.2 State of Confined Water above 200 K 
Based on DSC experiment, to explain the endothermic peak centered at 230 K is the key 
to understand the thermal dynamic property of water. One point of view is it is related to the 
maximum 𝐶𝑃 on Widom line which is the extension of LLPC [26, 67-69, 72, 73, 84, 90, 118-
120]. The second explanation is it is micro-melting/crystallization of confined water [45, 75-77, 
121]. The third interpretation is this endothermic peak corresponds to glass transition of confined 
water [122, 123]. We applied six different heating/cooling rate variants from 2.5 K/min to 20 
K/min on the sample in DSC. Then we observed the broad endothermic peak doesn’t shift by 
varying the heating or cooling rate, which indicates it is not related to glass transition.  
However, it is still hard to tell the structure fluctuation or micro-melting/crystallization 
from DSC measurements. At this moment, NMR is a unique technique to probe the state of 
water. Due to the strong dipolar interaction of hexagonal ice, the signal of ice has extremely fast 
decay in FID and the FFT spectrum would have 2.1 MHz in width, respectively, which is too 
broad to be seen in NMR spectrum. Hence, if the water freezes to ice, it will have an intensity 
loss on NMR signal, if not, the confined water still stays in liquid state. 
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Figure 3.4 Plot of normalized intensity from 1H NMR on water in P-90 AC versus temperatures 
 
We run the single pulse experiments for water confined in P-90 at different temperatures. 
The FID signal is extrapolated to t = 0 and corrected by Curries law (1/T). As shown in Figure 
3.3, above 200 K, there is no intensity loss, indicated by the more or less constant intensity above 
200 K as it is in the room temperature. That is a strong evidence that above 200 K, there is no 
crystallization happened for confined water.  
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Figure 3.5 (a) 1H NMR spectra of water confined in P-90 at different temperatures. (b) Plot of 
full width at half maximum (FWHM) from 1H NMR spectra of water in P-90 versus 
temperatures. 
 
Furthermore, the spectrum has a narrow Lorentzian peak with peak width 2.1 kHz (4.2 
ppm) (see Figure 3.5 a. and b.) corresponding to the motional narrowing of water molecules, in 
contrast to 32 kHz the static limit of water molecule. Therefore, the confined water is highly 
mobile as bulk water and no crystallization occurs above 200K. Such high mobility of water 
molecules is also consistent with our MD simulation studies, for instance, the translational and 
rotational diffusion coefficient of water confined in 1.6nm pores are 𝐷𝑡 ≈ 10
−6 𝑛𝑚2/𝑝𝑠 and 
𝐷𝑟 ≈ 10
−4𝑛𝑚2/𝑝𝑠, respectively. 
It is worth noticing that there is a gentle non-linear increase of the peak with (see Figure 
3.5 (b)) when cooling the sample from 220-200 K. The peak width of the spectrum at room 
temperature is mainly contributed from pore size distribution. The broaden of the peak width is 
mainly due to the dipolar interaction which is related to the molecular motion. The slowing down 
molecular motion such as the rotational motion (related to intra-molecular dipolar interaction) or 
the translational motion (related to inter-molecular dipolar interaction) would cause the peak 
width broaden [92].  
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Then, it is important to study the dynamic properties of confined water in the liquid state. 
We applied NMR relaxation measurements in the following session: spin-lattice 𝑇1 relaxation 
measurements and spin-spin 𝑇2 relaxation measurements to further discuss the dynamic changes 
of the confined water. 
3.3.3 Spin-Lattice Relaxation Measurements for Water in P-90 AC 
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Figure 3.6. (a) Logarithm magnetization versus time at selected temperatures. (b) Temperature 
dependence of the 1H NMR spin-lattice relaxation time 𝑇1 for water confined in P-90 sample. 
 
We applied inversion-recovery pulse sequence to measure the spin-lattice relaxation time 
of confined water in P-90. For the whole temperature range, 𝑇1 is obtained from fitting the Eq. 
(2.10) 𝑀(𝑡) = 𝑀0(1 − 2 exp(− 𝑡 𝑇1⁄ )) with NMR signal by varying a serious of t. As shown in 
Figure 3.6 (a), by plotting logarithm of magnetization versus time, there is a straight line fitted 
for 𝑇1, which means there is single component for 𝑇1. 𝑇1 has a minimum at T = 228 K (see 
Figure 3.5 (a)). Assume the 𝑇1 relaxation is dominant from the tumbling motion of the water 
molecule, then the rotational correlation time could be calculated from Bloembergen-Purcell-
Pound Equation Eq. (2.8): (
1
𝑇1
) =
3𝛾4ℎ2
10𝑏6
(
𝜏
1+𝜔0
2𝜏2
+
4𝜏
1+4𝜔0
2𝜏2
) 
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Here 𝛾 is the gyromagnetic ratio of proton, ℎ is plank constant, 𝑏 is the distance between 
the two hydrogen atoms in a water molecule (0.156 nm) and 𝜔0/2𝜋 is the Larmor frequency (500 
MHz at 11.7 T). Correlation time 𝜏 is estimated by the average time taken for the molecule to 
rotate by 1 rad. Smaller 𝜏 corresponds to faster molecular motion, while larger 𝜏 corresponds to 
slower molecular motion. 
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Figure 3.7 Correlation time of water confined in P-90 AC versus temperatures. The red dash dot 
line is the VFT fitting for the high temperature regime data with 𝑇0 = 176 K and 𝜏0 = 7.4 ps. 
The activation energy calculated from Arrhenius equation 𝐸𝑎 = 0.207 eV 
 
The correlation time versus temperature is plotted in Figure 3.7. There is a non-linear 
increase of the rotational correlation time when decreasing the temperature. At high temperature, 
the correlation time follows Vogel-Fulcher-Tubman (VFT) equation 𝜏 = 𝜏0𝑒𝑥𝑝(− 𝐴 (𝑇 − 𝑇0)⁄ ) 
where 𝐴 is a fitting parameter, 𝑇0 is the ideal glass transition temperature, and 𝜏0 is the initial 
relaxation time. Since at high temperature, the confined water is similar to the bulk water, here 
we fixed 𝑇0 = 176 𝐾 which is obtained from the best VFT fitting parameter for bulk water (see 
Appendix B1).  
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In Figure 3.7, we can see below 228 K, there is an obvious deviation for correlation time 
from the VFT behavior (red dot dashed line) and following Arrhenius behavior (blue dot dashed 
line). The activation energy calculated from Arrhenius equation, 𝐸𝑎, is 0.207 eV, which is 
exactly the energy to break hydrogen bonds. The transition temperature is at 225 K from the 
intersection of two behavior fitting lines. Such mild transition is called dynamic crossover 
transition or fragile to strong transition (FST) where VFT liquid represents fragile liquid while 
Arrhenius liquid represents strong liquid.  
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Figure 3.8 (a) Temperature dependence of the 1H NMR spin-lattice relaxation time 𝑇1 of mixed 
water confined in P-90 sample. (b) Correlation time of mixed water in P-90 AC versus 
temperatures. The red dash dot line is the VFT fitting for the high temperature regime data with 
𝑇0 = 176 K and 𝜏0 = 19 𝑝𝑠. 
 
To enhance the effect of rotational motion on 𝑇1 relaxation and reduce the translational 
motion effect, the measurement of 𝑇1 is also performed on a mixed sample of 80%D2O-20%H2O 
confined in P-90. The reason is that the number of H2O molecules surrounded each H2O will 
decrease by adding D2O, which greatly weakens the intermolecular dipole-dipole interaction 
between H-H. Due to the fast exchange between D-O and H-O, the intramolecular dipolar 
interaction between H-H also reduced by adding D2O. So 𝑇1 of the mixed sample is longer than 
that in pure H2O sample. Since, the exchange rate between D-O and H-O is faster than the rate of 
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tumbling motion of water molecule. So, the 𝑇1 of mixed sample mainly reflects the rotational 
motion of intra-molecule proton. The activated energy obtained from Arrhenius equation is 
0.204 𝑒𝑉 which is the hydrogen bond break energy.  
In Figure 3.8 (a), the 𝑇1 value of mixed water sample. 𝑇1 still has a minimum at around 
230 K. To obtain the “real” rotational correlation time we applied BPP equation to the 𝑇1 value 
to estimate the correlation time. The VFT and Arrhenius fitting shows the dynamic crossover 
temperature is still at 225 K. This confirms the FTS transition is related to slowing down the 
rotational motion.  
Recall the dynamic crossover or FST observed for water confined under hydrophilic 
surfaces system at 225 K also, (see Figure 1.12), then, the surface effect for this dynamic 
crossover can be excluded. Furthermore, it is observed in the liquid state of water, so such FST is 
not induced by crystallization. In the following session, we will discuss the pore-size 
independent measurement results and confirm this observed dynamic crossover is driven by the 
supercooled bulk water. 
3.3.4 Size Independent 𝑻𝟏 Relaxation Measurements 
In section 3.3.3, we selected P-90 AC as our standard confinement model to investigate 
the properties of confined water. 
To discuss the size effect of the observed dynamic crossover, we performed other two 
samples: pure water confined in P-80 which has pore size 1.3 nm and pure water in P-94 with 
pore size 1.8 nm (some pores are collapsed during activation process).  
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Figure 3.9 (a) Temperature dependence of the 1H NMR spin-lattice relaxation time 𝑇1 of water 
confined in P-80. (b) Correlation time of water in P-80 versus temperatures. The red dash dot 
line is the VFT fitting for the high temperature regime data with 𝑇0 = 180 K and 𝜏0 = 3.84 ps. 
The activation energy got from Arrhenius equation fitting is 0.21 eV.  
 
Figure 3.9 (a) shows for pure water confined in P-80 sample, 𝑇1 has a minimum at 230 
K. By applying Eq. (2.8) to calculate the correlation time 𝜏 as plotted in Figure 3.9 (b), at 222 K 
the rotational correlation time is not following VFT liquid behavior. When going to lower 
temperature 220 K, the rotational correlation time followers Arrhenius equation well. The 
activation energy obtained from Arrhenius fitting is 0.21 eV close to the hydrogen bonds 
breaking energy. 
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Figure 3.10 (a) Temperature dependence of the 1H NMR spin-lattice relaxation time 𝑇1 of water 
confined in P-94 sample. (b) Correlation time of water in P-94 versus temperatures. The red dash 
dot line is the VFT fitting for the high temperature regime data with 𝑇0 = 176 K and 𝜏0 =
2.6 ps. The activation energy 𝐸𝑎 = 0.19 eV 
 
Figure 3.10 (a) shows for pure water confined in P-94 sample, 𝑇1 also has a minimum at 
228 K. The dynamic crossover temperature is at 228 K to distinguish VFT liquid and Arrhenius 
liquid. The activation energy calculated from Arrhenius fitting parameter is 0.19 eV, which is 
close to the hydrogen bond broken energy.  
For the state of confined water in these two activated carbons, we also applied single 
pulse measurements for both samples. For water confined in P-80, the NMR intensity doesn’t 
lose until 190 K (see Figure 3.11 (a)), for water confined in P-94, the intensity keeps constant 
until 210 K (see Figure 3.11 (b)). So, both temperatures are lower than 228 K, which ensure the 
dynamic crossover happens in the liquid state instead of inducing by micro-crystallization. 
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Figure 3.11 (a) Normalized intensity of water in P-80 versus temperatures. (b) Normalized 
intensity of water in P-94 versus temperatures 
 
 Based on the analysis of 𝑇1 for water confined in different pore sizes, we concluded the 
dynamic crossover temperature around 225-228 K is independent with the pore size, and surface 
effect, which indicates it is related to the intrinsic property of bulk water. 
3.3.5 𝑻𝟐 Spin-Spin Relaxation Measurements for Water in P-90 
On the other hand, the spin-spin lattice time T2 measured by CPMG pulse reflects more 
translational motion of the molecules. 
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Figure 3.12 (a)-(d) 1H NMR spin-spin relaxation time 𝑇2 CPMG measurement for water in P-90 
AC at selected temperatures. Y axis is normalized to 𝑀0, black squares are the data obtained 
from different number of echoes. Red solid lines represent longer 𝑇2 time and blue solid lines 
represent shorter 𝑇2 time.  
 
In contrast to 𝑇1 above 200 K, 𝑇2 is a bi-exponential decay function of temperature with 
two components: short-time scale and the long-time scale components, respectively. (see Figure 
3.12 (a-d)). At 195 K, there is single exponential decay for 𝑇2 measurement. The two different 
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time scales coexistence at one temperature indicates protons having two different environments. 
Water has two different “states” coexistence in 𝑇2 time scale.   
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Figure 3.13 (a) 𝑇2 long and short components versus temperatures. (b) Root mean square 
distance in long and short 𝑇2 time scale. 
 
To investigate the “two states” time scale and length scale, we plot the long and short 𝑇2 
versus temperature (see Figure 3.13 (a)) and calculate the root mean square distance in 𝑇2 time 
scale as shown in Figure 3.13 (b).  
The spin-spin relaxation time 𝑇2 reflects not only the time scale of cluster existence but 
also indicates the correlation length or diffusion length for a cluster or molecules. We applied root 
mean square (rms) distance calculation equation 𝑙 = √6𝐷𝑡  for our slit-shaped pore system to 
estimate the water cluster size and diffusion length, where 𝑙 is the diffusion length, 𝐷 is molecule 
self-diffusion coefficient, 𝑡  is the diffusion time. In the calculation, the water self-diffusion 
coefficients at different temperatures are obtained from the collaborate simulation results [ref], the 
diffusion time 𝑡  is replaced by 𝑇2  value. We estimated the diffusion length and plotted by 
temperatures as shown in Figure 3.13. The HDW and LDW at room temperature, the diffusion 
length is around 10 nm for both which indicates the HDW cluster size and LDW cluster sizes is in 
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10 nm length scale. This length scale is not in atomic scale and cannot be negligible. The two 
components 𝑇2  value and 10 nm scale cluster size both are strong evidence that water is 
heterogeneity and has HDL and LDL clusters coexistence at room temperature. When temperature 
decrease, the diffusion of HDL and LDL clusters are slowing down and become more viscous. At 
low temperature, intermolecular dipolar interaction dominates the 𝑇2 relaxation mechanism. 
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Figure 3.14 (a) The fraction of long and short 𝑇2 component versus temperatures. (b) Relative 
population from MD simulation for HDL and LDL local structure versus temperatures 
 
Figure 3.14 (a) shows the fraction for two components obtained from CPMG data fitting. 
(b) shows local structure of the simulation results from WAIL water. Q is local structure index. 
Q>0.75 corresponds to more tetrahedral-like structure and Q<0.75 represents more dense-
packing structure. This is consistent with the two-state model at room temperature [38, 40] and 
coexistence of two structure components in the LLPT hypothesis [26]. Two-state model 
mentioned two “macro-state” HDL state and LDL state with their dominated local structure HDL 
and LDL structures. And LLPT indicates the two different microscopic structures HDL and LDL 
at room temperature. Also, in our collaborate simulation results, it clearly shows that HDL-like 
continuously transform to LDL-like structure as temperature decreases.  
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238 K
 
 
Figure 3.15 (a) Derivative of fraction of long and short components in 𝑇2 measurements versus 
temperature. (b) Mathematical derivative of the fraction of CPMG long 𝑇2 component versus 
temperatures. The inserted picture is the plot of fraction of CPMG long 𝑇2 component versus 
temperature and empirical fitting for the fraction plot 
 
Figure 3.15 describes how fast the fraction changed by temperature. In Figure 3.15 (a), 
we found the fastest conversion between HDL and LDL clusters is around 245 K and in Figure 
3.15 (b) is at 238 K. Note: We fitted the fraction of CPMG long T2 component by a polynomial 
equation empirically: 𝑓(𝑥) = 𝐴 + 𝐵𝑥1 + 𝐶𝑥2 + 𝐷𝑥3, where A=11.7, B=-0.1587, C=6.86×10−4, 
D=−9.31×10−7 from best fitting. The differential of fraction and temperature shows there is a 
peak around 238 K which is not far away from the endothermic peak on DSC around 230 K (see 
Figure 3.2) 
64 
 
180 200 220 240 260 280
0.0
0.2
0.4
0.6
0.8
1.0
1.2
 d T
2
(long T
2
 component)/d T
 Guideline 
d
 T
2
/d
 T
Temperature (K)
233 K
 
 
 
Figure 3.16 Derivative of CPMG long 𝑇2 value of temperature versus temperatures. The red dash 
dot line is the guideline for reading the data. 
 
Figure 3.16 shows how fast the 𝑇2 value changed by temperatures. It is clear to see at 233 
K, the change of 𝑇2 is the most drastic which is consistent with the fast drop of 𝑇2  
3.3.6 Size Independent 𝑻𝟐 CPMG Measurements 
In the same way, to see the phase separation phenomenon in different pore-size samples 
is the method we determine the phenomenon is induced by confinement effect or from 
supercooled water. We also applied CPMG 𝑇2 measurements on sample P-80 and P-94. 
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Figure 3.17 (a) Temperature dependence of 1H NMR spin-spin relaxation time 𝑇2 of water in P-
80 (b) The fraction of longer 𝑇2 and shorter 𝑇2 components of water in P-80 versus temperatures. 
(c) Temperature dependence of 1H NMR spin-spin relaxation time 𝑇2 of water in P-94 (d) The 
fraction of longer 𝑇2 and shorter 𝑇2 components of water in P-94 versus temperatures. Black 
solid squares represent longer 𝑇2 and red solid dots represent shorter 𝑇2 
 
From biexponential decay analysis, it is clear to see in sample P-80 and P-94, there still 
exists phase separation and HDL gradually converted to LDL by lowering the temperature. 
So, the two liquids conversion is not only happened under nanoconfinement, also could 
happen in the deep supercooled bulk water.  
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3.4 CONCLUSION 
In this chapter, we investigate the state of water confined in hydrophobic nanopores by 
employing DSC, NMR and MD simulations (collaborate work). For the studied matrices, we find 
that water under nanoconfinement is in the liquid state above 200 K. Water is heterogeneity at 
room temperature which could be identified as HDW cluster and LDW cluster. HDL and LDL 
could convert to each other by varying temperature. Water confined in hydrophobic matrices 
exhibits a dynamic crossover from VFT to Arrhenius behavior at 230K. It is important to emphasis 
that this dynamic crossover, previously reported in hydrophilic and other confined systems, is a 
general feature of liquid water, which is not induced by crystallization or glass transition. The 
endothermic peak centered at 230K corresponds to the quick conversion from high-density liquid 
clusters to low-density liquid clusters. The coexistence of HDL and LDL cluster and the gradual 
conversion between two clusters indicates why water, especially supercooled water has these 
anomalous properties. Furthermore, the quick drop of 𝐶𝑃 below 230 K to 200K was due to freezing 
the degree of freedom, especially translational motion. At 200 K, most of the confined water are 
converted to LDL, at this moment, it proves the existence of low density liquid is a thermal 
equilibrium liquid rather than coarse-grained ice. 
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CHAPTER 4 ROTATIONAL GLASS TRANSITION  
FOR SUPERCOOLED WATER 
 
4.1 INTRODUCTION 
Liquids could be cooled below its conventional freezing temperature but still remaining 
liquid states. Such kind of liquids are called supercooled liquids [7]. Thermodynamically, 
supercooled liquid is a metastable liquid [124]. As a supercooled liquid cooled to lower 
temperature without nucleation, the collisions and movements of molecules become more and 
more sluggish, and the time-scale for the molecules rearrangement to reach thermal equilibrium 
state is getting longer [125]. At certain low temperature, the structural relaxation time becomes 
extremely long and the liquids becomes ultra-viscous like solid [126]. One well-known example 
is window glass which is formed from quenching supercooled SiO2 liquid. The transition from a 
highly viscous supercooled liquid to a non-equilibrium solid is known as glass transition, and the 
onset transition temperature 𝑇𝑔 is called glass transition temperature [124].  
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Figure 4.1 Illustration of volume/enthalpy change for liquid, crystal and glass [124] 
 
To determine the glass transition and glass transition temperature has several ways. One 
conventional way is to observe the volume or enthalpy changed by temperature as shown in 
Figure 4.1. For the liquid-crystal first order phase transition, the enthalpy changed from liquid 
state to crystal state is discontinuous. While for the liquid-glass glass transition, the change of 
enthalpy is continuous and variant by the cooling rate. As we know, the specific heat is the 
thermal response function of enthalpy changed by temperature. So, for the first-order phase 
transition such as freezing, the 𝐶𝑃 will have a sharp narrow peak at freezing temperature, while 
for the glass transition, the 𝐶𝑃 will show a broad peak over a few degrees. Not only the 
thermodynamics changes when approaching to the glass transition temperature 𝑇𝑔, the nature of 
dynamics around 𝑇𝑔 is also quite different from the liquid behavior. For example, when cooling 
the glass-forming liquid near 𝑇𝑔, the structural relaxation time increases significantly and is 
dominated by non-exponential relaxation process [127]. In addition to the dramatic change of 
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relaxation, some other interesting behavior for the supercooled liquids includes the Stokes-
Einstein relation breakdown and decoupling between rotational and translational motion [13]. 
For bulk water, if the cooling rate is sufficiently fast enough, for example,  dripping a 
drop of micrometer sized water onto the cool plate, it could form glassy state below 136 K at 
ambient pressure [11, 128]. For last two decades, the existence of water glass transition 
temperature at 136 K is widely accepted. However, the transition qualities are difficult to 
reconcile in the current knowledge of glass transition. Angel al. et research group argued that the 
real glass transition temperature of water should be around 150 K from their analysis of DSC 
experiments on hyperquenched inorganic glasses results [102-104]. Miller and Swenson’s 
research group considered the 𝑇𝑔 of water is located at 160-165 K from the calculation of 
Tammann-Hesse viscosity equation and broadband dielectric spectroscopy (DBS) experiments 
for bulk water [74, 123].  
In this chapter, we keep cooling the water confined in P-90 below 200 K, at which all the 
liquid water is low-density water. We found partial water form amorphous ice and the rotational 
motion of the liquid water slowing down. Thermodynamically, the specific heat 𝐶𝑃 dropped 
quickly due to loss of the degree of freedom.  
All these experimental evidences indicate the water could have a glass transition just 
below 200 K.  
4.2 EXPERIMENTAL RESULTS AND DISCUSSION 
We applied single pulse NMR experiments on water confined in P-90 to get the 1H 
spectra at different temperatures and performed 𝑇1 relaxation measurements from 200-170 K to 
discuss the change of rotational motion. To discuss the different features on 1H NMR spectra at 
low temperatures, we performed spin echo pulse on the tested sample. If the spin echo 
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(Hahnecho pulse) spectrum could overlap with the single pulse spectrum, all the spins included 
in the spectrum are coupled and belong to the same state of confined water. Otherwise, 
mismatched part is decoupled with previous spins and belongs to other types of state of water. 
We also did single pulse experiments and 𝑇1 relaxation measurements on water confined in P-80 
and P-94. 
4.2.1 1H NMR Spectrum Analysis  
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Figure 4.2 (a) Spectra of 1H NMR of water confined in P-90 at different temperatures. (b)-(f) 1H 
NMR spectra comparison with single pulse measurement and spin-echo pulse measurements of 
water in P-90 at different temperatures separately. (g) Comparison of spectra at 𝑇 = 177 𝐾 for 
water in P-90 and water in P-0 (h) Full Width at Half Maximum (FWHM) of single pulse 1H 
NMR spectra of water in P-90 versus temperatures 
 
Confined water can be cooled below 200 K, as shown in Figure 4.2 (a) and (h), the 
spectrum is significantly getting broad when the sample is at lower temperature. More 
importantly, at T = 177 K, the whole spectrum is not only broader but also has a broad feature 
from bottom. When temperature is getting lower, the asymmetric feature from bottom of the 
peak becomes more and more obvious. Meanwhile, the total intensity of the spectrum also 
dropped below 200 K as mentioned in CHAPTER 3. (See Figure 3.2). The loss of intensity 
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contributed from two concerns: one is water partial crystallization in larger pores, the other is 
from the inaccurate intensity correction of the bottom peak.  
To investigate the spins in center sharp peak and in the bottom peak at low temperature 
coupled or decoupled, we applied spin-echo experiment on the same sample. Examples of 
comparison of 1H NMR single pulse spectrum and spin-echo spectrum are listed in Figure 4.2 
(b)-(f). Above 200 K, the spin-echo spectrum overlapped with single pulse spectrum well which 
means all the spins in the spectrum are in the liquid state. At 195 K, the spin-echo spectrum has 
an observable mismatch with the single pulse spectrum at the bottom of the spectrum (see 
inserted picture). At 177 K, the growth of the broad feature became more significant. At 168 K, 
such broad bottom feature is clear enough to observe without any zoom in. So, the spins in the 
center sharp peak are not coupled with the spins in the broad peak from bottom. It is worth to 
mention, the FWHM of this broad feature in the spectrum is 100 kHz, which is larger than the 
water static limit 32 kHz. This observation is a strong evidence that part of the confined water 
starts to form amorphous ice at 195 K.  
To clarify which part of water stays in liquid state and which part of water forms 
amorphous ice, we compare 1H NMR spectrum of water confined in P-0 at 177 K with that of 
water confined in P-90. For P-0 AC sample whose average pore size is 0.46 nm from surface to 
surface, there is only single layer of water staying in the pores. In CHAPTER 6, it shows such 
confined monolayer water won’t freeze even at extremely low temperature. As we discussed in 
CHAPTER 2, NICS effect is an efficient way to tell the position of detected spins in the pores 
by examining the chemical shift. In Figure 4.2 (g), the center sharp peak of water in P-90 is on 
the same chemical shift with the peak of water in P-0. Since for water confined in P-0, it is 
known that water is interfacial water, so for the center sharp peak in water confined in P-90 
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sample, it represents the water towards to the surface without crystallization. While the broad 
peak from bottom in water in P-90 sample represents the amorphous ice growing from the center 
of pores.  One more detail should be mentioned, is the FWHM of center sharp peak of water in 
P-90 is larger than that of water in P-0. Which means the motion of non-freezing LDL is still 
much slower than the pure interfacial water.  
Figure 4.2 (h) shows the FWHM changing by lowering temperature, it stays constantly 
from room temperature to 220 K, and slightly increases from 220-200 K due to FST in liquid 
state. Below 200 K to 180 K, the FWHM has a drastic increase in 20 K which indicates the 
dipolar interaction are significant at low temperature.  
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Figure 4.3 Comparison of pure water and mixed water confined in P-90 at T = 177 K. 
 
Figure 4.3 is a supplementary figure to demonstrate the homogeneous broadening of the 
bottom broad peak. We compare the pure water confined in P-90 and mixed water confined in P-
90 at 177 K. The mixed water sample is prepared by 80% D2O+20%H2O in molar ratio, it 
greatly reduces the intermolecular proton-proton dipolar interaction. All H2O is replaced by 
HDO, since the exchange rate between H-O and D-O is so fast, so it still remains intramolecular 
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proton-proton dipolar interaction in NMR time scale. The advantage to use mixed sample is to 
reduce the intermolecular dipolar interaction and examine the reason for spectrum broadening. 
By comparing the two “water” in P-90 at same temperature, the spectrum for mixed water in P-
90 doesn’t have a asymmetric peak growth from bottom obviously, while the pure water in P-90 
has. This is the evidence that the broadening of bottom peak is mainly due to the strong 
intermolecular dipolar interaction.  
To fully understand the change of FWHM, it is necessary to discuss the dynamic 
properties of confined water below 200 K. 
 
4.2.2 𝑻𝟏 relaxation and rotational diffusion discussion 
The 𝑇1 relaxation measurements for confined water reveals the rotational motion of water 
molecules under confinement. Above 200 K, as discussed in chapter 2, the 𝑇1 relaxation time 
represents the overall relaxation time for liquid state of confined water. For 𝑇1 relaxation time 
below 200 K, due to the formation of amorphous ice which cannot be refocused by 180° pulses, 
the 𝑇1 represents the overall spin-lattice relaxation time of the centered sharp peak which is the 
LDL. A conventional understanding for glass transition mechanism is the rotational motion 
slowing down and translational motion stopped in the formation of glassy state [124].  
75 
 
180 200 220 240 260 280
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
T
1
 r
el
ax
at
io
n
 (
s)
Temperature (K)
H
2
O in P-90
(a)
 
 
3.5 4.0 4.5 5.0 5.5 6.0
10
-10
10
-9
C
o
rr
el
at
io
n
 t
im
e 
(s
)
1000/T  (K
-1
)
H
2
O in P-90

0
=7.4 ps
T
0
=176 K
VFT
(b)
225 K
195 K
300 280 260 240 220 200 180
 
 
Figure 4.4 (a) Temperature dependence of the 1H NMR spin-lattice relaxation time 𝑇1 for water 
in P-90 (b) Correlation time of water in P-90 versus temperatures. The red dash dot line is the 
VFT fitting for the high temperature regime data with 𝑇0 = 176 K and 𝜏0 = 7.4 ps. The blue 
dash dot line and green dash dot line is the guideline for Arrhenius fitting. 
 
The 𝑇1 values of confined liquid water at 200-170 K are shown in Figure 4.4 (a). There is 
a kink at around 190 K. The 𝑇1 below 200 K is only measuring the center sharp peak not the 
whole spectrum, since the bottom peak is too broad to be flipped by 180° pulse. So, in 
temperature range 200-170 K, the measured 𝑇1 reflects the LDL water which towards to the 
surface. The correlation time calculated from BPP equation (Eq. 2.8) equation plotted versus 
inverse of temperatures is in Figure 4.4 (b). It is worthwhile to note that there is a second 
transition temperature at 195 K for the Arrhenius-Arrhenius transition. Due to the special 
limitation of nanopores, the amorphous ice formed from center of the pores could not grow 
infinitely in a narrow range of temperature as bulk glass transition phenomenon. The 
confinement slows down the quick growth of the amorphous ice. So, the correlation time doesn’t 
increase as the first Arrhenius line (blue dashed line) but follows the second Arrhenius line 
(green dashed line). This is consistent with the previous spectrum analysis results: below 200 K, 
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LDL is slowing down the rotational motion and starts to form amorphous ice. The experiment 
results agree with the conventional glass transition theory. 
4.2.3 Size Independent Experiments and Discussion 
It is very important to examine how the confinement effect the glass transition. We 
confined water in two other different pore sizes: activated carbon P-80 with pore size 1.3 nm and 
activated carbon P-94 with collapsed pores and average pore size 1.8 nm.  
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Figure 4.5 (a) Single pulse 1H NMR spectra of water confined in P-80 sample at selected 
temperatures (b) Single pulse 1H NMR spectra of water confined in P-94 sample at selected 
temperatures 
 
As discussed in CHAPTER 2, the intensity of 1H signal for water confined in P-80 and 
P-94 won’t be lost until 190 K and 210 K which means the confined water stays in liquid state 
above these temperatures. The asymmetric broad feature grows up when temperature below 190 
K and 200 K for water confined in P-80 and P-94 samples. For the water confined in larger 
nanopores, the intensity lost will happen at higher temperature, the amorphous ice will grow 
more easily when the liquid became LDL.  
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The dynamics of water confined in P-80 and P-94 below 200 K is discussed by 𝑇1 
relaxation measurements and correlation time calculations. 
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Figure 4.6 (a) 𝑇1 relaxation time for water confined in P-80 versus temperatures.  
(b) Correlation time of water confined in P-80 sample versus temperatures. (c) 𝑇1 relaxation time 
for water confined in P-94 versus temperatures. (d) Correlation time of water confined in P-94 
versus temperatures 
 
The rotational correlation time of confined water is calculated from Eq. 2.8 as well. 
There is also a second Arrhenius-Arrhenius transition temperature at around 195 K. Rotational 
motion of water molecules changed at 195 K. For water confined in P-80 and P-90, the rotational 
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motion slows down below 195 K. For water confined in P-94, since the average pore size is 1.8-2 
nm and some of the pores are collapsed, the pore structure of P-94 activated carbon sample is 
difficult to describe. Water will quickly freeze in larger pores below 210 K, so the intensity lost 
in P-94 is much more than that for water in P-90 and P-80 at low temperature regime. The larger 
pore size gives more space to grow the amorphous ice in the pores. So, the 𝑇1 measured below 
200 K is more associated with the interfacial water which has faster rotation, corresponding to 
shorter correlation time.  All of these are reflecting that the bulk water could have rotational 
glass transition at 195 K to form amorphous ice if it could be supercooled in the “no man’s 
land”. 
4.3 CONCLUSION 
In this chapter, we discuss about the observation of possible rotational glass transition for 
water. It is of importance to emphasis that at 200 K, water is completely in LDL state. It 
disproves the idea that LDL is impossible to exist at low temperature stably. Furthermore, in our 
spectra analysis, LDL is unlike coarse-grained ice (as amorphous ice), it still has fast rotational 
and translational motion. It also indicates the LDL is amorphous ice glass-form liquid. The 
slowing down tumbling motion and growth of amorphous ice show the possible rotational glass 
transition for water could happen at around 195 K which is much higher than the previous 
estimated temperature. 
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CHAPTER 5 INTERFACIAL WATER INDUCED GLASS TRANSTION  
 
5.1 INTRODUCTION 
In Chapter 4, we discussed possible water glass transition by confining water in nanopore 
at temperature range 200 K-170 K. As we mentioned in Chapter 2, we also observe an 
endothermic shoulder at 150 K for confined water. Angel discussed such similar endothermic 
shoulder for C60, it is defined as the phenomenon of rotational glass transition [104]. For their 
inorganic glasses analysis, Angel corrected the water glass transition temperature from 136 K to 
150 K [102]. However, Lorenting argued this point and insisted the true glass transition for water 
is still around 136 K [103]. So, it is of importance to clarify the physics of our observation on 
150 K for confined water. 
In this chapter, we applied DSC experiments for water confined in different burn off 
activated carbon samples. The results show for water confined in less than 1nm pores, there is no 
such endothermic shoulder on the specific heat capacity 𝐶𝑃 curve, while for water confined in 
larger than 1nm pores, the endothermic shoulder onset temperature changes by varying 
cooling/heating rate which indicates a glass transition phenomenon. We found when the confined 
water forms ‘surface/interfacial water/center water’ such sandwich structure, it could have a 
glass transition at low temperature region.  
5.2 EXPERIMENT RESULTS AND DISCUSSION 
We applied DSC and NMR single pulse measurements mainly on the water in P-90 
sample. To discuss the properties and physical meaning behind the asymmetric broad peak (see 
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Figure 5.1 (b)), we used hole burning pulse to test the correlation of two peaks in the spectrum. 
Also, to study the “sandwich” structure, we also confined water in different pore sizes such as P-
40/60/80/94 to investigate how the confinement would affect the thermodynamics of water at 
low temperature by performing DSC and NMR.  
5.2.1 1H NMR Spectra Analysis 
Firstly, we performed NMR single pulse measurement to examine the state of confined 
water. We choose a RF pulse with highest power and short pulse length 0.5 𝜇𝑠 to excite all the 
spins in the labtoray window (2 MHz). 
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Figure 5.1 (a) 1H NMR spectrum of water in P-90 at 𝑇 = 168 K. Black solid line is the 
experimental data. Red dash dot line is the fitted Lorentzian peak, blue dash dot line is the 
residual of subtraction of experimental data and fitted Lorentzian peak (b) 1H NMR spectra of 
water in P-90 at selected temperatures.  
 
As shown in Figure 5.1(a), the peak could be divided into two parts: center sharp peak 
represents confined water towards to the surfaces remaining liquid state, bottom broad 
asymmetric peak represents the amorphous ice formed from the center of the silt pores. When 
cooling the confined water lower than 168 K, the center sharp peak quickly disappeared and the 
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broad asymmetric bottom peak splits to two asymmetric broad peaks. It is questionable that the 
two split peaks represent the same state of amorphous ice but anisotropic rotation or two 
different states of amorphous ice. The hole burning experiment (see section 5.2.2) proved the 
‘doublet’ represents the same state of amorphous ice but anisotropic rotation.  
Furthermore, the drastic disappearance of the center peak and quick growth of the bottom 
peak indicates a possible glass transition for the confined water below 160 K. In section 5.2.3, 
the analysis of DSC measurements will show there is a interfacial water induced glass transition 
at150 K. 
5.2.2 Hole Burning Experiments and Discussion 
The hole burning experiment is used to determine the inhomogeneity properties of field 
or samples. As we introduced in CHAPTER 2, if the linewidth broadening is due to the spin 
interaction, it won’t burn a hole after applying HB pulse sequence. If it is due to the field 
inhomogeneity or different susceptibility of samples, it could burn a hole as shown in Figure 5.2. 
82 
 
 
Figure 5.2 Spectrum of the hole-burning echo of pure water (open symbols) and of the Hahn 
echo (solid line) recorded under similar conditions. The oscillations are a Gibbs ringing artifact. 
[100] 
 
The HB pulse sequence is shown in Figure 2.8 (in CHAPTER 2). Roughly speaking, a 
soft pulse with low power level (PLW2) and long pulse length (P1), following a hard pulse with 
high power level (PLW2) and short pulse length (P1). Table 5.1 shows the HB experiment 
parameter set up in our experiments.  
Table 5.1 Numbers and Parameters for the hole burning experiments for water confined in P-90 
at 144 K 
Number SFO1(MHz) PLW1 P1(𝝁𝒔) PLW2 
P2 
(𝝁𝒔) 
D1(s) D2(s) Pulse type 
1 500.7100408 - - 150 0.5 - 5 Single 
Pulse 
2 500.7100408 0.5 1000 150 0.5 0.5 5 HB 
3 500.7100408 0.5 100 150 0.5 0.5 5 HB 
4 500.7100408 2 1000 150 0.5 0.5 5 HB 
5 500.7100408 2 100 150 0.5 0.5 5 HB 
6 500.7100408 0.5 1000 150 0.5 0.1 5 HB 
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Figure 5.3 Hole burning experimental spectra with different parameters. #1 is the single pulse 
spectrum at 144 K in highest power 
 
We set all the PLW2 power is 150 in amplitude which is the highest power in the NMR 
transmitter system and the pulse length P2 of PLW2 is 0.5𝜇𝑠 to excited as many spins as possible 
(2 MHz). The D2 duration time is 5s to make sure all the spins after PLW2 RF perturbation are 
back to equilibrium state before it goes to the next scan. For the soft pulse in the hole burning 
experiments, we changed three parameters independently, power level PLW1, pulse length P1, 
and the duration time D1. We set the center frequency SFO1 focusing on the right peak, so if the 
splitting of peaks is due to field inhomogeneity, after the HB pulse, it will burn a hole on the 
right peak. To compare the change before and after HB, we run a single pulse with the same 
SFO1 as refence.  
Firstly, we kept the power level PLW2 the same as weak as 2 in amplitude, change the 
pulse length as shown in the Figure 5.3 (a) #4 and #5. The P1 in #4 is 1000 𝜇𝑠 which could 
excite spins located (1/1000 𝜇𝑠) 1 kHz band width around SFO1. The P1 in #5 is 100 𝜇𝑠 
corresponding to 10 kHz band width around SFO1. The longer pulse length the narrower range 
of spins around the center frequency SFO1 will be excited and less quantum coherence will be 
lost during the soft pulse. If the field is inhomogeneity, the width of the hole burnt by long pulse 
length would be narrower than that burnt by short pulse length (see Figure 5.4). Also, the final 
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signal for longer pulse length will be stronger than the shorter pulse length. Comparing the 
original single pulse signal #1, HB experiment #4 and #5, there is no hole burnt in the spectrum 
and the intensity follows the order of the coherence lost. More importantly, the amplitude of the 
left peak also decreases as the same order of the right peak, which means the spins in the right 
peak region is coupled with the spins in the left peak region. The right peak and left peak are not 
representing two different types of spins uncorrelated, but spins in the same state with 
anisotropic rotational motion.  
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Figure 5.4 HB spectra for glycol in glass transition process. Three figures from top to bottom 
represent different pulse length applied on the HB pulse. The ‘narrow’ spectrum used the longest 
pulse length, and the ‘broad’ spectrum obtained from the shortest pulse length [129] 
 
Secondly, we kept the pulse length (P1) the same 1000𝜇𝑠 but changing the power level. 
The higher power level PLW2, the stronger perturbation to the system and more coherence will 
be lost. If the field is inhomogeneity, the hole burnt by a higher power would be deeper than that 
burnt by a lower power. In our experiment, #2 and #4, applying 0.5 power is less than 2 power, 
so the total signal for #2 is stronger than #4 (see Figure 5.3 (b)). However, there is still no hole 
burnt from the HB pulses and the amplitude for two peaks both dropped.  
Thirdly, we remained the pulse power (PLW1) and pulse length (P1) the same but 
varying the duration time D1. Longer D1, more spins will recover to the equilibrium state, if set 
D1=5T1, all the spins will come back to the equilibrium state as at the beginning of a single 
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pulse, the soft pulse is useless for that case. So, the empirical setting parameter of D1 is T2 <D1 
<T1 to make sure the excited spins lost the transverse coherence but still has longitudinal 
coherence. The longer recovery time D1, the spins are more approaching to the equilibrium state 
and the signal is stronger, if it will burn a hole, the hole will be more shadowed (see Figure 5.5). 
#2 has 5 times longer that #6, so the intensity in #2 is larger than that of #6. The drop of the 
signal is shown for both peaks. 
 
Figure 5.5 HB echo for pure water with different D1[130] 
 
In the hole burning experiments, we change the soft pulse parameter separately. 
Unfortunately, there is no hole burnt by the pulse. On the contrast, the intensity of left peak 
decreases with the right peak intensity by HB pulse. The disappearance of holes, means the 
linewidth broaden is not due to the inhomogeneity of field or sample. The spins in two split 
peaks are coupled to each other instead of independent. The main reason to explain the doublet 
and the line broaden is anisotropic motion of H2O molecules in the amorphous ice. The H2O 
molecules in the glassy state reorient the hydrogen bonds such as “flip angel”, but the flip rate is 
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longer than NMR observation time scale, so it cannot be averaged. In other words, the ‘doublet’ 
indicate the state of solid formed from LDL is not a rigid lattice crystal but amorphous state.  
5.2.3 DSC Analysis and Discussion  
DSC is a unique technique to determine the glass transition. For a conventional glass 
transition phenomenon, when increase the heating rate, the onset glass transition temperature will 
red shift to higher temperature range, due to lack of time to relax the local structures to 
equilibrium state.  
 
 
88 
 
 H
2
O in P-90
 Graphite
 Bulk ice
140 145 150 155 160 165 170
0.0
0.5
1.0
1.5
2.0
2.5
H
ea
t 
ca
p
ac
it
y
 C
p
 (
J 
K
-1
 g
-1
)
Temperature (K)
ice
Graphite(a)
 
 
140 145 150 155 160 165 170
-0.01
0.00
0.01
0.02
0.03
d
 C
P
/d
 T
Temperature (K)
 H
2
O in P-90
 Graphite
 Ice
(b)
 
 
140 150 160 170 180 190
-0.01
0.00
0.01
0.02
0.03
0.04
d
 C
P
/d
 T
Temperature (K)
 H
2
O in P-90 with 10 K/min
 H
2
O in P-90 with 20 K/min
 Dry P-90 with 10 K/min
 Bulk ice with 10 K/min
(c)
 
 
0.985 0.990 0.995 1.000 1.005 1.010
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
L
o
g
(Q
/Q
s)
T
s
g
/T
g
(d)
 
 
m = 30
E
g
 = 0.91 eV
H
2
O in P-90
 
Figure 5.6 (a) Specific heat capacity 𝐶𝑃 of H2O confined in P-90, dry P-90 activated carbon, bulk 
ice/water. Zoom in the temperature region from 140-190 K from Figure 3.1. (b) Derivative of 𝐶𝑃 
with temperature for H2O confined in P-90, dry P-90 activated carbon, and bulk ice/water versus 
temperatures. (c) Derivative of 𝐶𝑃 in temperature for water confined in P-90 sample at heating 
rate 10 K/min and 20 K/min versus temperatures, derivative of 𝐶𝑃 in temperature of dry activated 
carbon and bulk ice with heating rate 10 K/min as reference. (d) Plot of logarithm (𝑄/𝑄𝑠) versus 
(𝑇𝑔
𝑠/𝑇𝑔) and fragility calculation for water confined in P-90 around 150 K 
 
When we zoom in the specific heat of water confined in P-90 measured from DSC 
experiment, there is an endothermic shoulder around 150 K which is very different from linear 
increase of specific heat of ice and dry P-90 graphite by temperature, respectively (see Figure 
5.6 (a)). It is worth to notice that at the end of the DSC measurement close to 140 K, the specific 
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heat of the confined water is larger than the ice (Ih) which means the “solid-like” formed from 
supercooled confined water is different from the ice (Ih). The possible reason is the supercooled 
confined water during cooling process forming amorphous ice which has more degree of 
freedom than crystal so that the 𝐶𝑃 would be larger than crystal structure ice.  To determine the 
endothermic shoulder is the real feature of glassy state of confined water and is different from 
the bulk ice and graphite, we took the derivative of 𝐶𝑃 and temperature, as shown in Figure 5.6 
(b), obviously, for the 𝐶𝑃 of water confined in P-90 there is a clear peak around 152 K, 
meanwhile, for the bulk ice and dry graphite, the derivative results are almost a flat line around 
0. This calculation shows the endothermic shoulder is heat adsorption change of confined water. 
We selected different heating rate from 5 K/min to 20 K/min on the samples. The heat capacity 
of bulk ice/water and dry graphite 𝐶𝑃 do not change by applying different heating rates. For the 
water confined in P-90 the center of the endothermic shoulder shifted by changing the heating 
rate. To examine into detail and for comparison, we selected two different heating rate 10 K/min 
and 20 K/min for water confined in P-90 DSC experiments and took derivative of 𝐶𝑃 and 
temperature listed in Figure 5.6 (c). For the heating rate 10 K/min DSC experiment, the peak at 
152 K is sharper and clearer due to slower heating rate and longer time for structure relaxation of 
the amorphous state of confined water. For the heating rate 20 K/min of water confined in P-90 
sample, the peak is broader and centered at 154 K which represent for the fast heating rate, the 
system doesn’t have enough time to relax the structure. For this sign, it shows the glass transition 
happened in the confined water. By taking derivative of 𝐶𝑃 and temperature at different heating 
rate, we read out a serious of onset glass transition temperature. We selected 10 K/min as 
reference heating rate as 𝑄𝑠 and the onset glass transition temperature at 10 K/min as reference 
glass transition temperature 𝑇𝑔
𝑠. 𝑄 and 𝑇𝑔 are representing the other heating rate and the onset 
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glass transition temperatures read from the heating rates respectively. Plot the logarithm 𝑄 𝑄𝑠⁄  
versus 𝑇𝑔
𝑠 𝑇𝑔⁄  , the fragility calculated from Eq.2.16 is obtained from the slope which is 30 in 
this case, and the glass transition activation energy is calculated by obtaining the intercept in Eq. 
2.16 which is equal to 0.91 eV in this case. For the fragility smaller than 50, it would consider 
such glass forming liquid is a strong liquid. So, the low-density water is a strong liquid, instead 
of the fragile liquid for high-density liquid. This conclusion is consistent with the simulation 
results and theory.  
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Figure 5.7 (a) Derivative of 𝐶𝑃 in temperature of water confined in P-80 sample with heating rate 
7.5 K/min, 12.5 K/min, 20 K/min. Derivative of 𝐶𝑃 in temperature for bulk ice and dry P-80 
activated carbon with heating rate 20 K/min as reference. (b) Plot of logarithm (𝑄/𝑄𝑠) versus 
(𝑇𝑔
𝑠/𝑇𝑔) and fragility calculation for water confined in P-80 
 
Similarly, for water confined in P-80 AC sample, we applied the same analysis process 
and get the fragility 18.4 for glass-forming supercooled LDL, which also indicates a strong 
liquid, consistently. 
To discuss the driven force and physics behind such glass transition, we also examine the 
𝐶𝑃 of water confined in different pore sizes variant from 0.9nm to 1.8 nm (see Figure 5.8). For 
water confined in P-40 which has pore size 0.9 nm, there is only 2-3 layers of water in the P-40 
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slit pores, without existence of centered bulk-like water. For water confined in P-60 with pore 
size 1.05 nm, there is at least one layer of water staying in the center of pores besides two 
interfacial layers of water. And for water stay in P-80/90/94, more and more layers of water 
could exist in the center of pores. The properties of confined water are close to bulk water. 
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Figure 5.8 Specific heat 𝐶𝑃 of water confined in different activated carbon samples with heating 
rate 10 K/min 
 
From the DSC result and analysis of 𝐶𝑃 for water confined in different pores, we found, 
for water confined in smaller than 1 nm pores, there is not endothermic shoulder at 150 K and 
the decrease of 𝐶𝑃 is convex. For water confined larger than 1 nm pores which have sufficient 
center bulk-like water, there is an endothermic shoulder around 150 K. For water confined in P-
94 AC which some pores are collapsed to larger pores (>2nm), the endothermic shoulder 
becomes smear and cannot get the fragility quantitatively. 
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5.2.4 Comparison 1H NMR Spectra for Water in Different Pore Sizes at T=144 K 
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Figure 5.9 1H NMR spectra of water confined in different pore sizes at 𝑇 = 144 K 
 
To study the state of confined water in different pores, we applied NMR single pulse 
experiment for these samples at 144 K (see Figure 5.9). The pore sizes increase from 0.46nm (P-
0) to 1.6nm (P-90), the number of lays of water confined in the slit-pores are from monolayer up 
to 6 layers. The stacked spectra in Figure 5.9 shows the water confined in larger pores, the drop 
of the centered water is more thoroughly, especially, for the monolayer water in P-0 sample, the 
1H NMR spectrum at 144 K has FWHM 10 kHz, which means the monolayer water is still in 
liquid state at low temperature. For the water confined in P-40 which has 3 layers of water, the 
spectrum is a combination of center sharp peak which represents the unfrozen water towards to 
the surface and asymmetric broad peak from bottom which represents amorphous ice formed 
from center bulk-like water, however, the center peak is broader than the spectrum of water in P-
0, and the broad asymmetric peak is narrower than the spectra of water in P-60/80/90. That 
means the rational motion of center water is slower than the interfacial monolayer water. The 
distinguish difference means not all the water confined in nanopores will occur second glass 
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transition. Only form “surface/interfacial water/‘bulk-like’water” sandwich structure could have 
such “glass transition”.     
5.3 CONCLUSION 
In this chapter, we examine the state of confined water from 170 K to 140 K. For water 
confined in pore size larger than 1.3 nm nanopores, all LDL converts to amorphous ice at 144 K 
and have a glass transition at 150 K due to quick loss of LDL. For water confined in smaller or 
equal 1nm pores, LDL could survive until extremely low temperature and there is no glass 
transition observed at 150 K. So we conclude the glass transition at 150 K is induced by 
interfacial water only when confined water forms ‘surface/interfacial water/center water’ 
sandwich structure. 
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CHAPTER 6 OUTLOOK RESEARCH FOR INTERFACIAL LIQUID 
 
6.1 INTRODUCTION 
The nature of interfacial water plays a crucial role in lots of natural processes, such as 
lipid aggregation, joints lubrication, and underwater gecko adhesion [111, 112, 131]. Many 
experiments such as surface force apparatus (SFA) measurements and MD simulations [132] 
prove under nanoconfinement, the physical properties that differ from bulk water. A simple 
example is for water confined in hydrophobic surfaces won’t freeze at low temperature. 
However, the direct evidence of the structure of interfacial water, particularly, the state of 
hydrogen bonding network of the interfacial water is lacking. Also, the dynamic properties of 
interfacial water are still unclear for now.  
In this chapter, we will discuss the thermodynamics, dynamics and structure of interfacial 
water by applying DSC, NMR and MD simulation.  
6.2 EXPERIMENTAL RESULTS AND DISCUSSION 
We applied DSC and NMR experimental methods to discuss the thermodynamics and 
dynamics of water confined in P-0 sample which has average pore size around 0.46 nm from 
carbon surface to surface. Such small pore size only allows single layer of water confined in the 
slit-pores. The diffusion in vertical direction is highly constrained by such 2D confinement. The 
single layer of water has interactions from both sides of surfaces. It would prospect that the state 
of water would be totally different with multilayers water confined in larger pores such as P-90 
which has pore size around 1.6 nm as we discussed before.   
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6.2.1 Thermodynamics of Water Confined in P-0 AC 
To discuss the thermodynamic property of confined water, DSC is a powerful technique 
to examine the phase transition and glass transition phenomenon. We applied DSC 
measurements on water confined in P-0, dry P-0 sample and bulk water with cooling and heating 
rate 20 K/min to investigate the state of confined water.  
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Figure 6.1 Specific heat capacity 𝐶𝑃 of water confined in P-0 activated carbon, dry graphite, and 
bulk water/ice from 300 K to 140 K.  Red solid line is the 𝐶𝑃 of water confined in P-0, blue dash 
dot line represents the 𝐶𝑃 of bulk water/ice, and black dot line represents 𝐶𝑃 of dry P-0 
 
As shown in Figure 6.1, the 𝐶𝑃 of single layer water has an adsorption peak at 270 K and 
a decrease of 𝐶𝑃 from 270 K to 140 K in a convex shape. Comparing to the bulk water specific 
heat, the endothermic peak at 270 K for confined water is due to the melting of water absorbed in 
the intergranular pores. It is important to point out that the 𝐶𝑃 of monolayer water at room 
temperature is less than 𝐶𝑃 of bulk water, which indicates the confined monolayer water has less 
degree of freedom than bulk water. Meanwhile, at 140 K, the 𝐶𝑃 of confined monolayer water is 
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much larger than that of bulk ice, even larger than water confined in P-90 sample. That means, 
the confined monolayer water still has fast motion and not form ice at low temperature.   
Unlike the water confined in P-90 pores, the monolayer water doesn’t have a second 
endothermic peak at 230 K and neither an endothermic shoulder around 150 K. The further study 
shows, for the monolayer water, it does not freeze at very low temperatures and the mild drop of 
𝐶𝑃 is due to the slowing down rotational motion of monolayer water.  
6.2.2 State of Interfacial Water 
We performed NMR single pulse measurements to study the state of monolayer water at 
different temperatures.  
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Figure 6.2 (a) Normalized intensity of 1H NMR results of water confined in P-0 versus 
temperatures. (b)1H NMR single pulse spectra of water confined in P-0 at different temperatures 
 
The 1H NMR intensity is proportional to the total number of 1H spins detected. Figure 
6.2 (a) shows there is no intensity loss in the whole temperature range which means no freezing 
happened even at temperature as low as 140 K. The increase of normalized intensity from 180-
140 K is due to the uncertainty created by extrapolation method. The examples of 1H NMR 
spectra of water in P-0 at different temperatures are listed in Figure 6.2 (b). The FWHM of 
spectra is getting broader by decreasing temperature. However, there is no “doublet” growth 
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from the bottom of spectrum. These observations show that the interfacial water remains in 
liquid state but slows down the molecule motions instead of forming other states. 
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Figure 6.3 Spectra width of 1H NMR spectra of water confined in P-0. Red dash dot line and blue 
dash dot line are guideline for data reading 
 
The NMR spectra width partially reflects the intra- and inter- molecular dipolar 
interactions which is related to the motion of water molecules. We plotted the spectra width 
versus temperatures in Figure 6.3. For the water confined in the nanopores, at high temperature, 
above 200 K, the spectra width remains less than 4 kHz, which is due to the nanopore size 
distribution and that means the monolayer water has fast motions in the small pores. At low 
temperature region, while the dipolar interaction contributes to the spectra width. For example, 
by decreasing the temperature, the motion of water molecules slows down, the intra- and inter- 
molecular dipolar interaction become significant, the spectrum width grows broader. However, it 
doesn’t quickly grow to the static limit 32 kHz for water molecules, in contrary, below 162 K, 
the quick growth stopped and the linewidth increases almost linearly. At the end of the 
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experiment, at 144 K, the spectrum remains a single peak with 25 kHz in FWHM. This 
observation agrees with the previous conclusion: there is no solid or glassy state formed during 
cooling the interfacial water, and the water molecule still has some mobility even at such low 
temperature.  
6.2.3 Dynamics of Interfacial Water 
To further discuss the dynamic properties of monolayer water, we performed 𝑇1 and 𝑇2 
relaxation measurements for the water confined in P-0 sample. We applied two different types of 
𝑇2 relaxation measurements, CPMG measurement and Hahnecho measurement. As we 
mentioned in CHAPTER 2, CPMG method could greatly reduce the diffusion effect and more 
reflect the intrinsic translational motion. On the other words, Hahnecho method with only one 
echo pulse could reflect the molecular diffusion in the pores. To compare CPMG 𝑇2 and 
Hahnecho 𝑇2, it would give an idea about the how the diffusion changes by temperatures.  
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Figure 6.4 (a) 𝑇1 of water confined in P-0 versus temperatures. (b) Correlation time of water 
confined in P-0 versus temperatures. (c) 𝑇2 of water confined in P-0 measured by CPMG method 
versus temperatures. (d) Fraction of long and short component of 𝑇2  for water confined in P-0 
versus temperatures. 
 
We applied inversion recovery method to measure 𝑇1 relaxation time. The 𝑀(𝑡) obtained 
from 𝑇1 measurement could be fitted in single exponential decay equation perfectly. There is a 𝑇1 
minimum at 205 K (see Figure 6.4 (a)), the correlation time calculated from BPP Eq. (2.8) 
plotted by temperature is in Figure 6.4 (b). At high temperature region, the interfacial water is 
more like an Arrhenius liquid instead of VFT liquid as bulk water. And there is only one 
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Arrhenius to Arrhenius transition at 170 K which coincides with the cross-section temperature 
162 K in spectra width analysis (See Figure 6.3). 
The 𝑇2 relaxation measured by CPMG method still has two components, long and short 
𝑇2 relaxation time. The difference between long and short 𝑇2 is not distinguish, less than an order 
in magnitude. By decreasing the temperature, 𝑇2 for both long and short component are dropped 
but not drastically.  The fraction of these two components versus temperature are plotted in 
Figure 6.4 (d), there is no such HDL to LDL conversion observed as water confined in P-90 
(See Figure 3.14 (a)), while the fraction of short component 𝑇2 stays around 0.9 and the fraction 
of long component 𝑇2 stays at 0.1 stably.  
The two components in 𝑇2 measurements mean it has two physical environments for all 
the spins. It has two explanations: one is there are “two phases” stably exists for the interfacial 
water, the other is spins stay in two different pores. Due to the 𝑇2 value for long and short 
components are not significantly different and it does have pore size distribution. The more 
reasonable understanding for the two components is due to the nanopore inhomogeneity.   
6.2.4 Comparison of CPMG 𝑻𝟐 and Hahnecho 𝑻𝟐 
Since the diffusion of interfacial water on vertical direction is restricted by surfaces, it is 
important to discuss the diffusion on lateral direction. By comparing CPMG 𝑇2 and Hahnecho 
𝑇2, it could tell the translational motion of interfacial molecules.  
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Figure 6.5 Comparison of Hahnecho 𝑇2 (short component) and CPMG 𝑇2 (short component) for 
water confined in P-0 sample 
 
We noticed, the magnitude difference between CPMG 𝑇2 and Hahnecho 𝑇2 are less than 
3 times. At most temperature, there is no big difference between these two 𝑇2 values. This 
phenomenon indicates the lateral translational diffusion for interfacial water molecules in the 
pores are much less mobile than bulk water.  
6.3 CONCLUSION  
In this chapter, the properties of interfacial water are studied by DSC and NMR 
measurements. We found for the water on hydrophobic surfaces, it will not freeze at low 
temperature and keep fast rotational motion. Thermodynamically, the interfacial water will 
remain liquid state without crystallization or glass transition from room temperature to low 
temperature. Dynamically, there is an Arrhenius to Arrhenius transition at 170 K due to slowing 
down the rotational motion of interfacial water molecules. Comparing to the bulk water motion, 
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our results show that for the water on the hydrophobic surfaces, it displays much slower 
orientationally dynamics than the bulk water and effectively immobilized.  
However, for more details about hydrogen bonding network for the interfacial water, it 
requires femtosecond FTIR or Raman spectroscopy methods to investigate the O-H bond and 
vibration modes. We also need MD simulations to understand more about the structure of 
interfacial water. 
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APPENDIX A 
 
A1. 1H NMR spectra for water confined in P-90 sample at 𝑻 = 𝟐𝟖𝟗 𝑲 and 𝑻 = 𝟐𝟔𝟖 𝑲 
Sample is prepared by injecting water into dry P-90 sample setting in the 4mm rotor. We 
applied 1H MAS NMR on the sample at two different temperatures.  
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Figure A.1 1H MAS spectra for water confined in P-90 at T = 289 K and T = 268 K 
 
At room temperature, there are two peaks in the spectrum, the left peak represents the 
water stays in the intergranular space and the right peak represents nanoconfined water. At 𝑇 =
268 K, only right peak survived, the left peak disappeared due to crystallization happened in the 
larger pores.  
The NMR result consistent with the DSC observation: at 268 K, there is an endothermic 
peak on the 𝐶𝑃 curve, which is due to the crystallization of water in the intergranular space.  
A2. NMR Results Analysis for Water in P-60 AC 
From NMR intensity analysis, the water confined in P-60 doesn’t crystallize until below 170 K. 
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Figure A.2 (a) Normalized intensity of water in P-60 versus temperatures. (b) 1H NMR spectra of 
water in P-60 at selected temperatures. 
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Figure A.3 (a) 𝑇1 relaxation time for water in P-60 AC versus temperatures. (b) correlation time 
of water confined in P-60 versus temperatures 
 
From NMR 𝑇1 relaxation measurement and correlation time analysis, we found for water 
confined in P-60, there exists a VFT to Arrhenius transition at 202 K which the confined water 
still in liquid state.  
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Figure A.4 (a) CPMG 𝑇2 relaxation time for water in P-60 AC versus temperatures. (b) Fraction 
of long component and short component 𝑇2  for water in P-60 AC versus temperatures. 
 
In the middle temperature range, we also observed two components in CPMG 
measurement with echo space 80 𝜇𝑠. The fraction of 𝑇2 long and short components are plotted in 
Figure A.4 (b). It is clear to see there has a conversion from these two components. 
A3. NMR Results Analysis for water in P-40 AC 
From NMR intensity analysis, the water confined in P-40 doesn’t crystallize until below 170 K. 
106 
 
160 180 200 220 240 260 280 300
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
 H
2
O in P-40
N
o
rm
al
iz
ed
 i
n
te
n
si
ty
 t
o
 T
=
2
7
3
 K
Temperature (K)
(a)
 
 
75 50 25 0 -25 -50 -75
 
1
H Chemical shift (kHz)
 T = 286 K
 T = 201 K
 T = 177 K x2.5
 T = 168 K x4
H
2
O in P-40
x4x2.5
(b)
 
 
 
Figure A.5 (a) Normalized intensity of water in P-40 versus temperatures. (b) 1H NMR spectra of 
water in P-40 at selected temperatures 
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Figure A.6 (a) 𝑇1 relaxation time for water in P-40 AC versus temperatures. (b) correlation time 
of water confined in P-40 versus temperature. 
 
From NMR 𝑇1 relaxation measurement and correlation time analysis, we found for water 
confined in P-40, there exists a VFT to Arrhenius transition at 198 K which the confined water 
still in liquid state.  
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Figure A.7 (a) CPMG 𝑇2 relaxation time for water in P-40 AC versus temperatures. (b) Fraction 
of long component 𝑇2 and short component 𝑇2 for water in P-40 AC versus temperatures. 
 
In the middle temperature range, there are two components in CPMG measurement with 
echo space 80 𝜇𝑠. The fraction of long and short 𝑇2 component is plotted in Figure A3.3 (b). 
The conversion from these two components are not as clear as water in the larger pores. 
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A4. Plot of dynamic crossover temperature Versus pore sizes 
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Figure A.8 Dynamic crossover temperature versus pore sizes. 
 
In this thesis, we are studying the dynamic crossover for water confined in nanopores. 
The dynamic change for confined water all happened in liquid state so it is not induced by 
crystallization. For water confined in smaller pores, the dynamic crossover temperature is lower. 
For water confined in pore size equal or larger than 1.3 nm pores, the dynamic crossover 
temperature almost the same at around 225 K. That means, this temperature is independent with 
the pore sizes, but the intrinsic property of bulk water. 
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APPENDIX B 
 
B1. 𝑻𝟏 NMR Measurements and Analysis for Bulk Water 
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Figure B.1 (a) Experimental 𝑇1 value for bulk water measured. (b) Correlation time calculated 
from experimental 𝑇1 of water versus 1000/T. The red dashed line is the best fitting from VFT 
with fitting parameter 𝑇0 = 176 K 
Note: 176 K will be set in the fitting parameter for water in P-90/94 as reference 
 
Krynicki, Hindman and Wood did the 𝑇1 relaxation experiment for bulk water in a wide 
temperature before its crystallization several decades ago [133, 134]. Figure B.1 (a) is the 
original data from Hindman paper and Figure B1.1 (b) is the correlation time calculated from 
BPP equation (Eq. (2.8)). We selected the data in temperature range 295-270 K and fitted with 
VFT equation. The 𝑇0 = 176 K is obtained from the best fit in the program and used as a 
reference for fitting the data in Chapter 3. In VFT equation, 𝑇0 is the ideal glass transition 
temperature for a glass-form supercooled liquid. The possible rotational glass transition 
temperature from our measurements in CHAPTER 4 is around 195 K which is not very far away 
176 K. 
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B2. Intensity correction and uncertainty calculation 
The intensity obtained from single pulse experiment is corrected by Currie’s Law and 
extrapolate the signal to 𝑡 = 0. 
In Eq. (2.2), doing the high temperature approximation, ℏ𝜔 ≪ 𝑘𝐵𝑇, it could be 
simplified to 𝑀0 ∝
𝑁𝛾2ℏ2𝐵0𝐼(𝐼+1)
3𝑘𝐵𝑇
=
𝑁𝛾2ℏ2𝐵0
4𝑘𝐵𝑇
∝
1
𝑇
. It means, for the same number spins under 
detection, at lower temperature will have larger intensity. So, the intensity measured in a large 
temperature range should be corrected by inverse of temperature before comparison. 
Another correction is from electronic correction, the electronic circuit in the probe for 
example, resistors, capacitors are a function of temperature. The Q factor is different when it is at 
high temperature and low temperature which also will affect the detected intensity. In general, 
the detected intensity 𝑀0 ∝ √
1
𝑄
. Roughly speaking, we estimate the Q factor by measuring 3dB 
value from spectrometer. 
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Figure B.2 Illustration of FID signal from single pulse NMR experiment. The black line is the 
example of typical FID signal, the red dot line is the signal missing during ring down delay and 
acquisition delay. 
 
Figure B.2 shows a typical FID signal, the time for receiver to collect the signal is not at 
𝑡 = 0 but after ring down delay (rd) and acquisition delay (ad) manually set in the software. The 
rd and ad usually “dead time” are set for reducing the artificial noise when the RF pulse taken 
off. The decay rate of the FID is 𝑇2
∗ which is the inverse of full width of half maximum of the 
Lorentzian spectrum (see Figure B.3). 
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Figure B.3 1H NMR spectrum for water in P-90 at T = 289 K and fitted spectrum in Lorentzian 
shape 
 
In our experiment, the total dead time = rd+ad+1/2 RF pulse length + dwell time=6.2𝜇𝑠 
The 𝑇2
∗ is calculated by Eq. (B.1) 
𝑇2
∗ =
1
𝜋×𝐹𝑊𝐻𝑀
 (𝐵. 1) 
The corrected FID intensity should be  
𝑀(𝑡 = 0) = 𝑀(𝑡 = 6.2 𝜇𝑠)× exp(6.2𝜇𝑠 𝑇2
∗⁄ ) (𝐵. 2) 
For example, to correct the intensity of water in P-90 at T = 289 K, the fitted FWHM is 
4.2 ppm for 500. 007 MHz magnet. The 𝑇2
∗ =
1
3.14×4.2 𝑝𝑝𝑚×500.007 𝑀𝐻𝑧
= 0.0015 𝑠 = 150 𝜇𝑠 
Calculate each 𝑇2
∗ from FWHM by fitting the spectra at different temperatures. At low 
temperatures, the FWHM of spectra are broader than 4.2 ppm which means most signal has been 
lost before the receiver collecting data. So, it is very necessary to extrapolate the FID signal to 
𝑡 = 0 and obtain the original intensity. 
To estimate the uncertainty of the extrapolated intensity, we applied uncertainty 
propagation equation:  
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𝛿𝑀(𝑡 = 0)
𝑀(𝑡 = 0)
=
𝜕𝑀(𝑡 = 0)
𝜕𝑇2
∗ ×𝛿𝑇2
∗ = 𝑀(𝑡 = 0)×
6.2𝜇𝑠
(𝑇2
∗)2
×𝛿𝑇2
∗ (𝐵. 3) 
Where 𝛿𝑀(𝑡 = 0) is the uncertainty of extrapolated magnetization at 𝑡 = 0, 𝛿𝑇2
∗ is the 
standard error from fitting the spectrum.  
B3. Temperature Calibration Process 
When performing a variable temperature (VT) NMR experiment, the displayed 
temperature is not necessary the actual sample temperature. In our experiments, we need to know 
the actual temperature, with a high degree of accuracy, it is important to calibrate the sample 
temperature, relative to the displayed temperature. 
We run the experiment from room temperature to -122℃ shown in VT panel. The proper 
method to do the temperature calibration is to observe the chemical-shift separation between the 
OH resonances and CH3 resonances in 100% methanol [135]. The temperature dependence of 
this chemical shift is well-studied and is proper to calibration from 180-330 K. 
The equation to calculate the actual temperature by chemical shift is: 
𝑇 = −23.832𝛿2 − 29.46𝛿 + 403.0 (𝐵. 4) 
Where 𝛿 is the chemical shift between OH group and CH3 group. 
Table (B.1) is the list for our temperature calibration experiment with the actual 
temperature calculated from Eq. (B.4) and the displayed temperature. Below 180 K, methanol 
cannot be further supercooled. The direct chemical shift will end on 180 K. For the temperature 
calibration below 180 K, we applied Eq. (B.6) to get the “actual” temperature.  
Table B.1 List of experiment parameter and actual temperature calculated from Eq. (B.4) 
T (℃) 𝛿𝐶𝐻3(ppm) 𝛿𝑂𝐻(ppm) δ(ppm) Actual T 
(K) 
T (K) ∆𝑇 (𝐾) 
15 0.8181 -0.8586 1.6767 286.6049709 288.15 1.545029114 
10 0.8806 -0.8498 1.7304 280.6626359 283.15 2.487364101 
5 0.9353 -0.8478 1.7831 274.6973262 278.15 3.452673778 
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0 0.9836 -0.8499 1.8335 268.8685253 273.15 4.281474662 
-5 1.0319 -0.8514 1.8833 262.9901942 268.15 5.159805786 
-10 1.0825 -0.8507 1.9332 256.9814943 263.15 6.168505704 
-15 1.1296 -0.8509 1.9805 251.1763039 258.15 6.973696118 
-20 1.1791 -0.8489 2.028 245.2392517 253.15 7.910748288 
-25 1.2327 -0.8424 2.0751 239.2460085 248.15 8.903991518 
-30 1.2901 -0.8303 2.1204 233.3820523 243.15 9.767947685 
-35 1.3214 -0.8395 2.1609 228.0566287 238.15 10.09337132 
-40 1.3635 -0.8408 2.2043 222.2630999 233.15 10.88690009 
-45 1.4033 -0.8401 2.2434 216.9667083 228.15 11.18329172 
-50 1.4472 -0.837 2.2842 211.3623483 223.15 11.78765166 
-55 1.4948 -0.8277 2.3225 206.0291931 218.15 12.12080695 
-60 1.5382 -0.8219 2.3601 200.7254979 213.15 12.42450214 
-65 1.5644 -0.8313 2.3957 195.6418098 208.15 12.50819017 
-70 1.5956 -0.8328 2.4284 190.9190158 203.15 12.23098418 
-75 1.6265 -0.8346 2.4611 186.1452552 198.15 12.00474482 
-80 1.659 -0.8339 2.4929 181.4540006 193.15 11.69599937 
-85 1.7021 -0.8234 2.5255 176.5946932 188.15 11.55530676 
-90 1.7455 -0.8137 2.5592 171.5181734 183.15 11.63182658 
-95 1.7673 -0.8178 2.5851 167.5798464 178.15 10.57015358 
-100    162.473305 173.15 10.676695 
-102    160.579905 171.15 10.570095 
-104    158.686505 169.15 10.463495 
-106    156.793105 167.15 10.356895 
-108    154.899705 165.15 10.250295 
-110    153.006305 163.15 10.143695 
-112    151.112905 161.15 10.037095 
-114    149.219505 159.15 9.930495 
-116    147.326105 157.15 9.823895 
-118    145.432705 155.15 9.717295 
-120    143.539305 153.15 9.610695 
Note: 𝑇 (℃) is the displayed temperature in VT unit; 𝑇(𝐾) is the absolute temperature for the displayed 
temperatures (𝑇(𝐾) = 𝑇(℃) + 273.15); 𝛿𝐶𝐻3  is the absolute chemical shift for CH3 group in 100% methanol; 𝛿𝑂𝐻 
is the absolute chemical shift for OH group in 100% methanol; 𝛿 is the chemical shift between CH3 group and OH 
group in 100% methanol; Actual T is the calibrated temperature by calculating from Eq. (B.4); ∆𝑇 is the difference 
between actual temperature and displayed temperature. 
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Figure B.4 Linear regression fitting for actual temperature and displayed temperature in 
temperature range 300 K-210 K. The linear equation from least square fitting is 𝑦 = 1.1504𝑥 −
45.516 with 𝑅2 = 0.9996 
 
Figure B.5 Linear regression fitting for actual temperature and displayed temperature in 
temperature range 210 K-180 K. The linear equation from least square fitting is 𝑦 = 0.9467𝑥 −
1.4478 with 𝑅2 = 0.9995 
 
As shown in Figure B.4 and Figure B.5, the linear regression equations for actual 
temperature and displayed temperature are different in high temperature range and low 
temperature range.  
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From our fitting result, in high temperature range, the linear regression equation to 
describe actual temperature and displayed temperature is: 
𝐴𝑐𝑡𝑢𝑎𝑙 𝑇 = 1.1504×(𝑑𝑖𝑠𝑝𝑙𝑎𝑦𝑒𝑑 𝑇) − 45.516 (𝐵. 5) 
And in low temperature range, the linear regression equation to describe the actual 
temperature and displayed temperature is: 
𝐴𝑐𝑡𝑢𝑎𝑙 𝑇 = 0.9467×(𝑑𝑖𝑠𝑝𝑙𝑎𝑦𝑒𝑑 𝑇) − 1.4478 (𝐵. 6) 
Since we are lack of data for temperature calibration below 180 K, so, we applied Eq. 
(B.6) to calculate the actual temperature by the displayed temperature.  
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APPENDIX C 
 
C1. Separation Spin-Lattice Relaxation Process 
The 𝑇1 relaxation mechanism for water is contributed by dipolar interaction and spin-
rotation.  
The experiment measured 𝑇1 is in terms of 𝑇1𝑑 and 𝑇1𝑠𝑟, where 𝑇1𝑑 is the dipolar 
interaction contributed part and 𝑇1𝑠𝑟 is spin-rotation contributed part. 
1 𝑇1,𝑒𝑥𝑝⁄ =  1 𝑇1𝑑⁄ + 1 𝑇1𝑠𝑟⁄   (𝐶. 1) 
To estimation the contribution from proton-proton dipolar interaction and water molecule 
spin-rotation, we introduce the correlation time 𝜏𝑑 which describe the water molecule re-oriented 
rate and 𝜏𝑠𝑟 which is the angular velocity for water molecules. Hence, 
𝑇1𝑑 ∝ 𝜏𝑑
−1 (𝐶. 2) 
For a linear molecule, the spin-rotation contribution to the relaxation is given by [95]:  
𝑇1𝑠𝑟 = 3 4⁄  𝐼0
−1𝑘𝐵
−1ℏ2𝑐−2𝜏𝑠𝑟
−1 (𝐶. 3) 
Where 𝐼0 is the momentum of inertia, 𝑐 is the spin-rotation interaction constant and 𝜏𝑠𝑟 is 
the correlation time for angular velocity of the water molecule. 𝑘𝐵 is the Boltzmann constant, ℏ 
is the Plank constant.  
It has been shown that for spherical molecules and in certain circumstances, 𝜏𝑑 and 𝜏𝑠𝑟 
are related by [95]:  
𝜏𝑑𝜏𝑠𝑟 = 𝐼0 6𝑘𝐵𝑇⁄  (𝐶. 4) 
If we assume the water molecule is similar to hard spherical molecule, we can apply Eq. (C.4) to 
estimate 𝜏𝑑 and 𝜏𝑠𝑟 from experimental results. Powles and Smith did that in 1966, they found for 
bulk water at room temperature, 𝜏𝑠𝑟 is in 10
−15𝑠−1 scale (femtosecond), while 𝜏𝑑 is in 
picosecond, so,  𝜏𝑠𝑟 ≪ 𝜏𝑑. Then the contribution from spin-rotation in liquid bulk water could be 
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negligible. The dipolar interaction will dominate the 𝑇1 relaxation process. For bulk liquid, the 
dipolar interaction from two parts: intermolecular homonuclear dipolar interaction and 
intramolecular homonuclear dipolar interaction. To rewrite the Eq. (C.1) into: 
1 𝑇1,𝑒𝑥𝑝 = 1 𝑇1,𝑖𝑛𝑡𝑟𝑎⁄ + 1 𝑇1,𝑖𝑛𝑡𝑒𝑟⁄⁄   (𝐶. 5) 
To separate the inter and intra proton-proton dipolar interaction contribution to 𝑇1, we introduce 
heavy water and pure water mixture system [136].  
In such mixture there are three species, H2O, D2O and HDO in dynamic equilibrium: 
𝐻2𝑂 + 𝐷2𝑂 ⇌ 2𝐻𝐷𝑂 (𝐶. 6) 
The D2O will have fast exchange with H2O and extra D2O could be surround H2O, so the 
intramolecular proton-proton interaction could be replaced by proton-deuterium interaction, and 
the same as intermolecular dipolar interaction. When the D2O introduced to bulk water system, it 
could reduce the proton-proton dipolar interaction due to D has much smaller 𝛾𝐷 comparing to 
𝛾𝐻. So the inter and intra proton-proton dipolar interaction is related to the number of proton in 
the system (mole fraction 𝑥). The total inter-contribution to the dipolar relaxation in the solution 
is expressed:  
1 𝑇1,𝑖𝑛𝑡𝑒𝑟 = 𝑥 ∙ 1 𝑇1(𝑖𝑛𝑡𝑒𝑟 𝐻 𝑤𝑖𝑡ℎ 𝐻) + (1 − 𝑥) ∙ 1 𝑇1(𝑖𝑛𝑡𝑒𝑟 𝐻 𝑤𝑖𝑡ℎ 𝐷)⁄⁄⁄  (𝐶. 7) 
The intra-dipolar relaxation is from H-H and H-D from the same molecule. So that 
1 𝑇1,𝑖𝑛𝑡𝑟𝑎 = 1 𝑇1,𝑖𝑛𝑡𝑟𝑎 𝐻2𝑂⁄ + 1 𝑇1,𝑖𝑛𝑡𝑟𝑎 𝐻𝐷𝑂⁄⁄  (𝐶. 8) 
Since from dipolar interaction calculation 
𝑇1,𝐻 𝑖𝑛 𝐷2𝑂
𝑇1,𝑖𝑛𝑡𝑒𝑟 𝐻2𝑂
=
𝑇1,𝑖𝑛𝑡𝑟𝑎 𝐻𝐷𝑂
𝑇1,𝑖𝑛𝑡𝑟𝑎 𝐻2𝑂
=
3
2
(𝛾𝐻 𝛾𝐷⁄ )
2𝐼𝐻(𝐼𝐻 + 1)
𝐼𝐷(𝐼𝐷 + 1)
= 24 (𝐶. 9) 
To simplify the Eq. (C.1) and Eq. (C.5), we can extrapolate the 𝑇1,𝑖𝑛𝑡𝑒𝑟 𝐻2𝑂 and 𝑇1,𝑖𝑛𝑡𝑟𝑎 𝐻2𝑂 by 
varying the mole fraction of pure water in the mixed sample and fit the experimental 𝑇1 in: 
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1
𝑇1,𝑒𝑥𝑝
= (
23
24
𝑥 +
1
24
)
1
𝑇1,𝑖𝑛𝑡𝑒𝑟
+
1
𝑇1,𝑖𝑛𝑡𝑟𝑎 
  (𝐶. 10) 
This equation is more commonly written in terms of mole fraction 𝛼 of D2O in mixed water 
[137]: 
1 𝑇1,𝑒𝑥𝑝⁄ = 1 𝑇1,𝑖𝑛𝑡𝑟𝑎 ⁄ + (1 −
23
24
𝛼)
1
𝑇1,𝑖𝑛𝑡𝑒𝑟
 (𝐶. 11) 
If we plot the experimental 1/𝑇1  versus (1 −
23
24
𝛼), for different molar ratio D2O, there is a 
straight line, the intercept is 1/𝑇1,𝑖𝑛𝑡𝑟𝑎 , and the slope is 1/𝑇1,𝑖𝑛𝑡𝑒𝑟. 
The ratio of translational and rotational motion for bulk water can be estimated [92]:  
1 𝑇1,𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛⁄
1 𝑇1,𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎⁄
=
3𝜋𝑁𝑏6
5𝑎3
= 0.24 (𝐶. 12) 
Where 𝑁 is number of spins in 1 𝑐𝑚3, for water two spins system, 𝑁 = 2×
6.02
18
×
1023 𝑝𝑒𝑟 𝑐𝑚3, 𝑏 is internuclear distance (intramolecular distance), for water 𝑏 = 1.56 Å, 𝑎 is 
molecular radius, 𝑎 = 1.957 Å for water. 
In our experiment, the purpose to use mixed sample confined in P-90 is to separate the 
𝑇1,𝑖𝑛𝑡𝑒𝑟 and 𝑇1,𝑖𝑛𝑡𝑟𝑎 in nanoconfinement system. We mixed D2O in pure water sample with 
different molar ratio, α = 0, 0.2, 0.4, 0.6, and 0.8. We measured 𝑇1 for the set of samples by 
applying inversion-recovery pulse sequence. In whole temperature range, 𝑇1 decay follows single 
exponential decay for all the samples.  
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Figure C.1 (a) 𝑇1 spin-lattice relaxation time for different water sample confined in P-90 
activated carbon versus temperatures. (b) Inverse of 𝑇1 for different samples versus temperatures. 
 
In Figure C.1, it is clearly to see that 𝑇1 doesn’t have distinguish increase by adding 
more D2O from room temperature to 250 K. Below 250 K, there has a clear separate 𝑇1 for 
different molar ratio of D2O, at lower temperature, such separation is more obvious. Overall, 
comparing the absolute 𝑇1 experimental values for pure water in P-90 and D2O80%-H2O in P-90, 
in the whole temperature range, the 𝑇1 for mixed water in P-90 is longer than that for pure water 
in P-90. This is due to adding D2O into the water could reduce the inter and intra molecular 
dipolar interaction. 
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Figure C.2 (a) 1/𝑇1 experimental data plot for different 𝛼 value at T = 287 K. the red dot line is 
least-square linear regression fitting result. (b) 1/𝑇1 experimental data at different temperatures 
versus different 𝛼 values. Black dot line is the sketched straight line for reading data. (c) 1/𝑇1 
experimental data versus different 𝛼 for water confined in P-90 at T = 228 K. Red dot line is the 
linear regression fitting for the data. (d) 1/𝑇1 experimental data versus different 𝛼 for water 
confined in P-90 at T = 177 K. Red dot line is the linear regression fitting for the data. 
 
In Figure C.2, we gave the example to apply Eq. (C.11) to the experimental data. In this 
data analysis process, it is important to emphasis we ignored the spin-rotation contribution for 
water at low temperature, we assume, as sufficient low temperature the 𝜏𝑠𝑟 keeps the same as it 
is at high temperature in femtosecond scale, the most relaxation contribution for 𝑇1 is still from 
dipolar interaction. So, from the data analysis in Figure C.2 (a) and (b) the less distinguishable 
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separation 𝑇1 at 300-260 K shows if we plot the 𝑇1 in terms of r in Eq. (C.11), the slope is close 
to zero and the intercept is equal to 1/𝑇1. This indicates, for the confinement system, the 
1/𝑇1,𝑖𝑛𝑡𝑒𝑟 part is negligible to be accounted into the contribution to 𝑇1 relaxation process. The 𝑇1 
relaxation mechanism in confinement system above 260 K is due to the intramolecular dipolar 
interaction.  
Below 260 K, it is more obvious to see the difference of 𝑇1 for different molar ratio D2O 
mixed in the water. If we plot the data and fit with Eq. (C.11), it gives a reasonable linear 
relationship as shown in Figure (C.3) (c). If the 𝑇1 relaxation process is still dominated from 
dipolar interaction, the inter-molecular dipolar interaction becomes important when it goes to 
lower temperature. When at 177 K, it is not a linear curve but increases drastically.  
Table C.1 and Figure C.4 is the summary for the linear fitting of all the listed data. 
Table C.1 Analysis summary for 𝑇1𝑖𝑛𝑡𝑟𝑎 and 𝑇1𝑖𝑛𝑡𝑒𝑟 from experimental data and Eq. (C.11) 
Temp (K) 𝟏/𝐓𝟏𝒆𝒙𝒑 𝟏/𝑻𝟏𝒊𝒏𝒕𝒓𝒂 𝟏/𝑻𝟏𝒊𝒏𝒕𝒆𝒓 𝑻𝟏𝒆𝒙𝒑 𝑻𝟏𝒊𝒏𝒕𝒓𝒂 𝑻𝟏𝒊𝒏𝒕𝒆𝒓 𝑹
𝟐 
287 2.21029 2.093 0.0899 0.45243 0.47778 11.12347 0.01 
281 2.37552 2.151 0.1788 0.42096 0.4649 5.59284 0.04 
275 2.51864 2.364 0.0878 0.39704 0.42301 11.38952 0.01 
269 2.8811 2.606 0.156 0.34709 0.38373 6.41026 0.02 
263 3.17168 2.626 0.425 0.31529 0.38081 2.35294 0.09 
257 3.58218 2.761 0.624 0.27916 0.36219 1.60256 0.25 
251 3.92711 2.54 1.2 0.25464 0.3937 0.83333 0.488 
245 4.44978 2.65 158 0.22473 0.37736 0.00633 0.567 
239 5.12531 2.54 2.32 0.19511 0.3937 0.43103 0.74 
233 5.91786 2.36 3.28 0.16898 0.42373 0.30488 0.839 
228 6.54707 2.143 4.132 0.15274 0.46664 0.24201 0.911 
222 6.59718 1.887 4.49 0.15158 0.52994 0.22272 0.958 
217 6.21118 1.599 4.426 0.161 0.62539 0.22594 0.97 
211 5.5371 1.348 3.991 0.1806 0.74184 0.25056 0.9641 
206 4.60957 1.243 3.18 0.21694 0.80451 0.31447 0.962 
201 3.89848 1.105 2.623 0.25651 0.90498 0.38124 0.952 
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196 3.40078 1.004 2.181 0.29405 0.99602 0.45851 0.887 
191 3.04971 0.808 2.016 0.3279 1.23762 0.49603 0.8518 
186 2.9543 0.510 2.15 0.33849 1.96078 0.46512 0.785 
181 2.87853 0.2742 2.238 0.3474 3.64697 0.44683 0.701 
177 2.73943 0.001 2.313 0.36504 1000 0.43234 0.656 
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Figure C.3 (a) 1/𝑇1,𝑖𝑛𝑡𝑟𝑎 from Table C.1 versus temperatures. (b) 𝑇1,𝑖𝑛𝑡𝑟𝑎 versus temperatures. 
(c)1/ 𝑇1,𝑖𝑛𝑡𝑒𝑟 from Table C.1 versus temperatures. (d) 𝑇1,𝑖𝑛𝑡𝑒𝑟 versus temperatures 
 
By comparing Figure C.3 (a) and (c), at high temperature range, from room temperature 
to 260 K, the inter part doesn’t play an important role, while at low temperatures, the inter part 
plays a much important role in 𝑇1 relaxation mechanism which is very questionable.  
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Figure C.4 (a) Translational diffusion coefficient for water confined in 1.6 nm hydrophilic pores 
and 2.1 nm hydrophilic pores. (b) Rotational diffusion coefficient for water confined in 1.6 nm 
hydrophilic pores and 2.1 nm hydrophilic pores. Green dash line is Arrhenius equation fit for the 
diffusion coefficient at low temperatures. Blue dash line is VFT equation fit for diffusion 
coefficient at high temperature region. 
 
From our collaborate simulation results (see Figure C.4), it shows both rotational 
diffusion coefficient and translational diffusion coefficient will slow down quickly in the 
supercooled region. The VFT and Arrhenius fitting shows, at high temperature, the diffusion 
coefficients follow VFT equation, while going to low temperature, especially below 250 K, the 
diffusion coefficients follow Arrhenius equation. If we lot the ratio of rotational and translational 
coefficient versus temperature for confined water, Figure C.4 shows at 350 K, the rotational and 
translational diffusion coefficient is comparable, both intra and inter are important, however, by 
decreasing the temperature, the ratio of rotational and translational diffusion coefficient is getting 
larger, at 210 K, the ratio reaches 100, and below 210 K, it ratio drastically increases to 400 for 
water confined in 1.6 nm hydrophobic pores. This result means, comparing to intramolecular 
interaction, at low temperature, the intermolecular interaction is much less important.  
This conclusion is also proved by the neutron scattering and NMR diffusion experiments 
for confined water (See Figure 1.13 in CHAPTER 1). By decreasing the temperature, the 
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diffusion coefficient for confined water dropped, and the translational correlation time increases 
fast.  
 
Figure C.5 Ratio of rotational and translational coefficient for confined water versus 
temperatures. 
 
So, from simulation and direct experimental evidence, for the confined water, 
intermolecular dipolar interaction is negligible for 𝑇1 relaxation process. Also from our data 
fitting and fitting weight 𝑅2 (see Figure C.6), only at 240-190 K, the experimental data follows 
Eq. (C.11). There is other mechanism should be introduced into the relaxation process in the 
supercooled region. In section 1 discuss, since we consider water has fast spin-rotation, which is 
negligible in the Eq. (C.5) for bulk water. This assumption is questionable when water in the 
supercooled region. If the spin-rotation rate is comparable to the intra-molecular rotation, the 𝑇1 
relaxation mechanism for confined water is a combination of intra-dipolar interaction and spin-
rotation. Further discussion will be done in the future. 
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Figure C.6 Least-square linear regression fitting weight 𝑅2 versus temperatures. 
 
C2. Line Broadening Discussion 
In CHAPTER 4, we discussed the broad peak from bottom at low temperature which is 
the sign of amorphous ice. The line broadening of the bottom peak is due to the strong 
intermolecular dipolar interaction. In this part, we show the details to discuss the dipolar 
interaction line broadening.  
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Figure C.7 (a)-(d) 1H spectra for r=0/0.2/0.4/0.6/0.8 molar ratio of D2O in water confined in P-90 
at selected temperature 
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